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Abstract
AC and DC Electrophoretic Separations: Investigating Binding Affinity
Interactions and Particle Surface Properties
Christian M. White

Capillary electrophoresis is a well-documented separation technique offering
rapid, automated analyses with low-sample volume requirements and broad applicability
to biological and inorganic analytes. Here it serves as a platform to investigate the
binding affinity between small molecules and bovine serum albumin. It is also used to
characterize the surface properties of surface-modified polystyrene particles, including
the zeta potential and surface conductance.

In both instances, the electrophoretic

mobility of the analytes is prioritized through passivation of the surface silanols of the
fused silica capillary, which suppresses electroosmotic flow.
For the affinity studies, suppression of electroosmotic flow allows for the
separation of multiple ligands based on differences in their electrophoretic mobility. The
ligands then interact sequentially with the target in-capillary. The result is a versatile
screening assay which can potentially be used to investigate competitive binding or
combinatorial analyses involving multiple targets and ligands.
In particle surface characterization studies, suppression of electroosmotic flow
reduces a significant source of variability allowing for more accurate and precise
measurements. These measurements serve as a basis for predicting the behavior of the
particles when analyzed with a miniaturized dielectrophoresis chip containing patterned
quadrupole electrodes. This allows for a rapid optimization of the conditions required to
separate particles with different surface functionalities via dielectrophoresis. Changes in
surface conductance resulting from the introduction of biotinylated ligands to
streptavidin-modified particles are also investigated.
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CHAPTER 1: INTRODUCTION TO ELECTROPHORETIC SEPARATIONS

-1-

1.1

Bioanalytical Separations
Bioanalysis presents a formidable challenge to an analytical chemist. At its most

basic, bioanalytical methods quantify a diverse assortment of analytes, including proteins,
DNA and RNA, carbohydrates, as well as exogenous compounds such as
pharmaceuticals and the derivatives and metabolites thereof, which are often found in
biological systems. These analytes possess a wide range of functionalities and can exist
over a wide range of concentrations. Interferences from the sample matrix and other
analytes present in the sample can also greatly impact the analysis. Analytical methods
suitable for bioanalysis must be able to adequately handle these complexities while
providing accurate determinations of the analytes of interest.
The various bioanalytical methods can be categorized into two main groups based
on whether or not the method attempts to separate the components of the sample.
Methods that do not attempt to separate the components of the sample include NMR and
immunoassay. NMR is capable of providing structural identification of the analyte based
on the observation of

intra- and intermolecular interactions [1].

Analysis can be

achieved in both the solid-state [2] and solution-state [3]. The limits of detection can
routinely approach the low nanomole range depending on the signal generated by the
analyte [4]. Coanalytes and matrix affects can limit the effectiveness of NMR requiring
the incorporation of a separation step such as liquid chromatography immediately prior to
NMR analysis [5]. Another class of bioanalytical techniques which do not require a
separation step is immunoassays. An immunoassay uses antibodies raised against the
analyte of interest as the recognition element. Immunoassays require minimal sample
pretreatment and assays are often high throughput and inexpensive [6]. The limits of
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detection can approach attamole (1 x 10 -18 mol) levels; however, cross-reactivity to
similar analytes, interassay imprecision, and non-linear calibration create challenges
which need to be overcome [6, 7].
Utilizing a separation step prior to detection can reduce interferences from coanalytes. Separations techniques can be classified into two broad categories. The first
category utilizes chromatographic techniques. These include liquid chromatography [8],
gas chromatography [9], and supercritical fluid chromatography [10].

All three

techniques rely on partitioning of the analyte between the mobile and stationary phases
and can be coupled to various methods of detection, including UV-visible absorbance,
laser-induced fluorescence, and mass spectrometry [11]. Liquid chromatography is the
most versatile of the three techniques, but analysis times can be lengthy and require
gradients to maintain separation efficiency.

Gas chromatography requires that the

analytes be volatile or derivatized to increase volatility and is not suited for thermally
labile analytes.

Supercritical fluid chromatography requires operating at elevated

temperatures and pressures, and polar molecules tend to not be soluble in carbon dioxide,
which is the predominant mobile phase. Sample preparation and limits of detection
depend on the technique and the method of detection. Large mobile phase consumption
rates and lengthy analysis times (up to 60 minutes per run) are also considerations for
chromatographic techniques.
The second classification of separation techniques is electrophoresis-based
techniques.

Electrophoresis utilizes an externally applied electric field to separate

analytes based on their charge-to-size ratios. The two primary electrophoretic techniques
are gel electrophoresis and capillary electrophoresis.
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Gel electrophoresis is used

extensively for the separation of biopolymers such as proteins and DNA [12, 13].
Samples are incubated with additives, such as sodium dodecyl sulfate (proteins) or urea
(DNA), to disrupt the tertiary structure of the molecules.

The samples are then

introduced to a polymeric gel matrix and an electric field is applied. The analytes
migrate through the gel and detection is achieved by either staining the gel with a dye
[14] or immunoassay [15]. The analysis time is lengthy (greater than 60 minutes per run)
and the resolution depends on both the number of analytes in the sample and the size of
the analytes. Capillary electrophoresis is a highly versatile technique that combines rapid
analyses, low sample volume requirements and low waste generation, and highly efficient
separations. Capillary electrophoresis is compatible with multiple methods of detection
providing an extensive detection range and applicability to numerous classes of analytes
such as DNA [16], proteins [17], carbohydrates [18, 19], and other small molecules [20,
21]. The fundamentals of this technique will be discussed in the next section.

1.2

Overview of Capillary Electrophoresis
Free-zone electrophoresis in bare fused silica capillary tubing was first described

by Lukacs and Jorgenson as a means of analyzing various ions of different sizes and
charges within a single analysis [22, 23]. In its most basic form, capillary electrophoresis
utilizes an applied direct current electric field across a bare fused silica capillary
immersed in an electrolyte to separate analytes via two summative forces—
electroosmosis and electrophoresis. Electroosmosis is the bulk flow of the electrolyte
solution through the capillary due to the formation of a charged double layer between the
deprotonated surface silanols (at pH > 4) on the inner capillary surface and cations found
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in the bulk electrolyte solution. The electroosmotic flow moves from the anode to the
cathode.

Electrophoresis is the movement of charged analytes towards oppositely-

charged electrodes (anode for anions, cathode for cations) within the applied electric
field. Uncharged and net neutral analytes do not migrate due to electrophoresis. The net
result is shown in Figure 1-1. Analytes are separated based on their charge-to-size ratios.
If sample is introduced at the anode, cations will migrate towards a fixed detection point
faster than neutral analytes, which in turn migrate faster than anions. Neutral analytes are
not separated under normal conditions.
The apparent mobility (µapp) of an analyte is the sum of the electroosmotic
mobility (µeo) of the bulk solution and the electrophoretic mobility (µep) of the analyte.
The electroosmotic mobility is described by the Smoluchowski equation as shown in Eq.
1.1 [24]. Here εm is the permittivity of the background electrolyte, ζ is the zeta potential
at the capillary surface, and η is the viscosity of the background electrolyte.

The

electrophoretic mobility can be described by Eq. 1.2 [23, 25]. Here q is the net charge of
the analyte, and r is the Stoke’s radius of the analyte. The apparent mobility can be
calculated using Eq. 1.3 [25]. The apparent mobility can also be approximated as the
analyte velocity, v, divided by the applied field gradient, E. Here Lt is the total capillary
length, Ld is the length to the detection point, V is the applied potential, and tmigr is the
migration time of the analyte.

 eo 

 m


(1.1)

 ep 

q
6 r

(1.2)
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Detection Point
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+
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-

EOF
H+ H+ H+ H+ H+ H+ H+ H+ H+ H+ H+ H+ H+ H+ H+ H+
O- O- O- O- O- O- O- O- O- O- O- O- O- O- O- O-

Electroosmotic Mobility
µeo

Electrophoretic Mobility
µep
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Apparent Mobility
µapp = µeo + µep

Cations

Neutrals

Anions

Figure 1-1 shows a representative schematic of the separation mechanism in capillary
electrophoresis. Analytes are introduced at the anode and migrate based on their apparent
mobilities.
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The requisite components of a capillary electrophoresis system are shown in
Figure 1-2. The system starts with a fused silica capillary with an inner diameter ranging
from 25 to 100 µm. The capillary ends are immersed into reservoir vials containing
background electrolyte. Also immersed in the vials are platinum electrodes used to
generate the electric field from a high voltage power supply. Typical applied voltages
range from as little as 1 kV to 30 kV, though with modification the upper range can be
extended to 120 kV [25, 26]. Also incorporated into the reservoir vials is a means to
apply pressure for use when flushing the capillary. A detector can be positioned either
along the capillary or at the end of the capillary depending on the type. Common
methods of detection include UV-visible absorbance, laser-induced fluorescence,
electrochemical detection, and mass spectrometry [25, 27].
interface with the detector.

A computer is used to

Capillary electrophoresis instruments are commercially

available; however, they can also be assembled in-house for a fraction of the cost [28].
A typical capillary electrophoresis run involves conditioning the capillary with
background electrolyte to bring the capillary to the desired pH and ionic strength.
Sample is then introduced from one of the capillary ends. The two primary methods of
introducing sample are pressure-driven (hydrodynamic) injection and voltage-driven
(electrokinetic) injection. Hydrodynamic injection is described by the Hagen-Poiseuille
equation (1.4) where ∆P is the applied pressure, D is the inner diameter of the capillary,
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Figure 1-2 shows a diagram of the major components of a capillary electrophoresis
instrument. The components outlined by the dashed lined are commercially available as
a single unit. This figure is adapted from Reference [28].
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and tinj is the injection time [27, 29]. Electrokinetic injection is described by Eq. 1.5,
where Q is the moles of analyte injected and C is the concentration of each analyte.

Volume 

PD 4 t inj
(1.4)

128Lt


 eo   ep D 2 ECt inj
Q

(1.5)

4

The typical volume for capillary ranges from approximately 0.5 to 15 µL depending on
the capillary dimensions (volume = ¼ πD2Lt). This results in injection volumes in the
picoliter to nanoliter range for capillary diameters ranging from 25 to 100 µm and total
lengths ranging from 30 to 60 cm. The average volumetric flow rates during capillary
electrophoresis separations do not exceed a few microliters per minute, though it is
dependent on the capillary dimensions, the zeta potential at the capillary wall, and the
electroosmotic mobility during the separation [30].

1.3

Overview of Dielectrophoresis
Dielectrophoresis is the movement of matter caused by polarization effects

resulting from the application of an electric field [31, 32]. For the purpose of this
discussion, matter consists of a spherical particle. When an electric field is applied, it
creates an induced dipole within the particle. The induced dipole then interacts with the
electric field resulting in a dielectrophoretic force. This force directs the movement of
-9-

the particle within the electric field. As shown in Figure 1.3, the dielectrophoretic force
and movement of the particle is dependent on the shape of the field. When the electric
field is uniform, the displaced charges within the dipole are equally drawn towards their
respective electrodes, resulting in a zero net dielectrophoretic force (Figure 1.3a).
However, in the presence of a non-uniform field, the displaced charges within the dipole
will adopt an asymmetric arrangement resulting in a net dielectrophoretic force [31-33].
If the polarizability of the particle is greater than that of the suspending medium, the
dielectrophoretic force will compel the particle to move towards the region of high field
strength (Figure 1.3b left). This is termed positive dielectrophoresis. If the polarizability
of the suspending medium is greater, the dielectrophoretic force will compel the particle
to move towards the region of low field strength (Figure 1.3b right). This is termed
negative dielectrophoresis. It should be noted that the polarity of the applied field does
not affect the observed dielectrophoretic behavior (Figure 1.3c). A change between
positive and negative dielectrophoretic behavior is known as dielectrophoresis crossover.
Dielectrophoresis can be achieved using both alternating current [33-35] and
direct current [36, 37] electric fields. However, a vast majority of dielectrophoresis
studies have used AC electric fields. The preference of AC fields is primarily due to the
suppression of electrophoretic transport [38, 39]. If the particle possesses a net charge, it
will experience electrophoresis in addition to dielectrophoresis. Under a DC electric
field, the total force acting of the particle is the sum of electrophoresis, dielectrophoresis
and electroosmosis. The electrophoretic force (F = qE) increases as the charge, q, on the
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a.

in a symmetric electric field…

zero net force

b.

if particle has higher polarizability…

particle movement

particle movement

…positive dielectrophoresis

c.

if particle has lower polarizability…

…negative dielectrophoresis

field polarity does not matter…

Figure 1.3 is a schematic showing the expected dielectrophoretic response in uniform (a)
and non-uniform (b & c) electric fields.
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particle increases until it surpasses the dielectrophoretic force. In an AC electric field,
the electrophoretic and electroosmotic forces are inversely proportional to the frequency
of the AC field [38]. As the frequency of the AC field is increased, the electrophoretic
and electroosmotic forces decrease. This allows the dielectrophoretic force to become
the dominant factor influencing the movement of the particle. The dielectrophoretic
force is also dependent on the frequency of the applied AC field. The relationship
between frequency and dielectrophoretic force will be explored in more detail in Chapter
3 of this work.

1.4

Focus of this Dissertation
The focus of this dissertation is to investigate electrophoretic separations for the

analysis of bioanalytes. These investigations cover both direct current electrophoretic
techniques in the form of capillary electrophoresis and alternating current electrophoretic
techniques in the form of dielectrophoresis. Capillary electrophoresis is used extensively
to separate small pharmaceutical molecules, to investigate binding affinity between target
proteins and ligands, and to characterize the surface properties of polystyrene particles.
The capillary electrophoresis separations are aided by the suppression of electroosmotic
flow via zwitterionic phospholipids and linear polymers. Dielectrophoresis is used to
confirm surface property estimates made using capillary electrophoresis, and to separate
different populations of polystyrene particles based on differences in the surface
properties of the particles. The work present here has resulted in two publications in peerreviewed journals [20, 40].
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CHAPTER 2: CHARACTERIZATION AND APPLICATION OF AN INERT
PHOSPHOLIPID COATING FOR THE SUPPRESSION OF ELECTROOSMOTIC
FLOW IN CAPILLARY ELECTROPHORESIS
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2.1

Introduction
The work presented here details the use of a semi-permanent phospholipid based

capillary coating to suppress electroosmotic flow with capillary electrophoresis and has
been published in a peer-reviewed journal [1].

The degree of electroosmotic flow

suppression is evaluated with respect to the number of applications of phospholipid
preparation used to coat the interior surface of the capillary and the concentration of
divalent cation additive used to promote coating formation. The intraday and interday
reproducibilities of electroosmotic flow suppression are also determined.

Potential

applications of the phospholipid coated capillary are also investigated. These include the
determination of the electrophoretic mobility of non-steroidal anti-inflammatory drugs
(NSAIDs) and dual opposite injection capillary electrophoresis analysis of cationic and
anionic pharmaceuticals. Affinity interactions are investigated between heparin
oligosaccharides and heparin binding peptide, as well as and between anionic
pharmaceuticals with serum albumin. Advantages of the phospholipid coating include
the ease of implementation, reduction of non-specific interactions with the capillary
surface, and the ability to rapid remove the coating and restore the native capillary
surface. Affinity capillary electrophoresis is facilitated by the capillary coating.

Strategies for Controlling the Capillary Surface Environment
The separation mechanism in capillary electrophoresis is a function of the
properties of both the analytes and the capillary surface. For bare fused silica capillary,
which is used in the work present here, the inner capillary surface is negatively charged at
pH 7. This results in electroosmotic flow and the potential for increased interactions with
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hydrophilic, cationic analytes or biopolymers. Irreproducibility can result as the
environment within the capillary changes, or as analyte adsorbs onto the capillary surface
[2, 3].

Effectively controlling the capillary surface environment can increase

reproducibility and limit non-specific interactions between analytes and the capillary
surface.
Control of the capillary surface environment can be achieved in a variety of ways.
One strategy is manipulation of the separation pH. The pKa of the capillary surface
silanols of bare fused silica ranges from 4 to 5 [4, 5]. Performing separations at a very
acidic pH (~ 2) will protonate the surface silanols and suppress electroosmotic flow. This
will reduce the interaction of cationic analytes with the capillary surface; however,
hydrophilic analytes can still interact with the capillary surface. Performing separations
at a higher pH (~ 10) can also reduce surface interactions as both the capillary surface
and the analyte will be negatively charged. This approach may not be suitable for
investigating analytes that possess pH-dependent surface properties. Changing the ionic
strength of the background electrolyte can reduce interactions with the capillary surface
and reduce electroosmotic flow [6]. Tradeoffs include changes in the separation current,
distorted peak shapes, and changes in analyte stacking behavior during sample injection
[7]. The most versatile solution is to coat the inner capillary surface with an appropriate
material. This will allow for the control of electroosmotic flow and the reduction of
analyte interactions with the capillary surface. There are a wide variety of coating
materials to choose from that will allow analysis with the desired experimental
parameters.
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Capillary Coatings
In order to reduce non-specific adsorption, multiple types of coatings are
available. These coatings fall within two main groups—covalently bound (permanent)
coatings and non-covalently bound (semi-permanent) coatings. Non-covalent capillary
coatings are low-cost, replaceable, easy to implement, and avoid hydrophobic-based nonspecific analyte adsorption. To that end, a variety of non-covalently bound capillary
coatings have been employed. These include those composed of single- and doublechained cationic surfactants [8-10], liposomes [11, 12], bilayer lipid membranes (BLM)
[13], unilamellar vesicles [14, 15], ionic polymer layers [16], and double-chained
zwitterionic phospholipids [17]. These coatings serve to shield the inner wall of the
capillary from analytes, and can be separated into two categories—dynamic (coating
material is present in electrolyte during an analysis) and static or semi-permanent
(coating material is absent from electrolyte during an analysis) capillary coatings.
Dynamic coatings, while effective, can produce challenges when separating analytes due
to secondary equilibria between the coating material present in the background
electrolyte and the analytes themselves [16]. Semi-permanent coatings can still produce
secondary equilibria with the analytes, however this interaction has a smaller impact on
the separation when compared to dynamic coatings [16, 18].

Phospholipid-based Capillary Coatings
Phosphocholine-based coatings are especially attractive because they possess
zwitterionic head groups, which make them effectively inert to charged analytes. The
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A.
+
DMPC
MW = 677.98 g/mol

_

+
DHPC
MW = 453.51 g/mol

_

B.
~ 77 Å

DMPC

~ 40 Å

DHPC

Figure 2-1 shows the structures for the phospholipids used to passivate the capillary
surface (A) and a representative drawing of the phospholipid bicelle.
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two phosphocholine lipids used in this work are shown in Figure 2-1. Both the long
chain 1, 2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and the short chain 1, 2dihexanoyl-sn-glycero-3-phosphocholine (DHPC) possesses the same phosphocholine
head group (2-1A) and the only difference between these two lipids is the length of the
aliphatic chains. These lipids also orient themselves into planar bilayers [13, 19]. The
head groups orient themselves on the outside of the bilayer and the hydrophobic tail
orients itself on the interior of the bilayer. Composites of these two lipids are known as
bicelles. The basic structure of a DMPC/DHPC bicelle is shown in Figure 2.1B. The
DMPC forms a bilayered disk with the DHPC capping the edges [20-22]. The size of the
bicelle depends on the molar ratio of DMPC to DHPC. This ratio is also known as the q
value [22, 23]. For a q = 0.5 bicelle, the diameter is approximately 77 Å along the
DMPC face and approximately 40 Å thick [24-26]. When presented with a charged
surface, such as the negatively charged interior surface of bare fused silica capillary,
electrostatic interactions cause the bicelle to adsorb onto the capillary surface [19]. The
phospholipid capillary coating results in the suppression of electroosmotic flow. This also
helps reduce hydrophobic-based non-specific interactions between analytes and the
capillary coating. The characterization and applications of a DMPC-DHPC phospholipid
coating is explored in this work.

2.2

Materials and Methods

Materials
Bupivacaine (#154904), ferulic acid (#101685), lidocaine (#190111), naproxen
(#M1021), prilocaine (#IC15636501), and Tris hydrochloride (#BDH0312) were
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purchased from VWR International (West Chester, PA, USA). Atenolol (#A-7665),
acetylsalicylic acid (#A-5376), fenoprofen (#F-1517), ibuprofen (#I-1892), indoprofen
(#I-3132), metoprolol (#M-5391), sodium hydroxide (#S-5881), sulindac (#S-8139), and
tolmetin (#T-6779) were obtained from Sigma-Aldrich (St. Louis, MO, USA). 3-(Nmorpholino)propanesulfonic acid (MOPS, #A12914) was obtained from Alfa Aesar
(Ward Hill, MA, USA).

Low molecular weight heparin, sodium salt from porcine

intestinal mucosa (#375097), bovine serum albumin (#12657), and calcium chloride
dihydrate (#CX0130-1) was purchased from Calbiochem (La Jolla, California, USA).
Magnesium chloride hexahydrate (#M33-500) was obtained from Fisher Scientific
(Pittsburgh, PA, USA). The 96-110 fragment of amyloid precursor protein (APP, #62-115A) was obtained from American Peptide Company (Sunnyvale, California, USA). The
lipids, 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC, #850345P) and 1,2dihexanoyl-sn-glycero-3-phosphocholine (DHPC, #850305P), were obtained from Avanti
Polar Lipids (Alabaster, AL, USA). Deionized water was obtained from an ELGA
Purelab Ultra (Lowell, Massachusetts, USA).
The 1 M NaOH was prepared by dissolving 10.0 g (0.250 moles) of sodium
hydroxide into 250 mL of deionized water. Background electrolyte was prepared by
weighing out an appropriate amount of compound into a clean, dry beaker. Deionized
water was then added so that to total volume was approximately 80% of the desired final
volume. A calibrated combination pH electrode was used with a model 545 pH Meter
from Corning Incorporated (Corning, NY) to determine the pH of the solution. The pH
was adjusted using 1 M NaOH. The solution was then transferred to a volumetric flask
and brought to the desired final volume using deionized water. Background electrolyte
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was stored at 4 ºC until needed. Prior to use, background electrolyte was allowed to
reach room temperature and filtered using a 0.45 µm PTFE membrane Acrodisc® 25 mm
syringe filter (#AP-4219T, Pall Life Sciences, Port Washington, NY, USA) prior to use.
All stock solutions were prepared by weighing out an appropriate amount of
compound into clean, dry 1.8 mL glass vials with a plastic lid and Teflon liner.
Pharmaceutical compounds (NSAIDS, analgesics, and -blockers) were dissolved in
HPLC grade methanol (#MX0475-1, EMD Chemicals, Gibbstown, NJ, USA) to a final
concentration of 10 mM. Bovine serum albumin and heparin oligosaccharides were
dissolved in deionized water. Stock solutions were stored at -20 ºC until needed. Prior to
use, the stock solutions were allowed to warm to room temperature. The neutral marker
N,N-dimethylformamide was diluted to the specified concentration using background
electrolyte immediately prior to use.

Capillary Electrophoresis Instrumentation
Separations were performed on a Beckman Coulter P/ACE MDQ capillary
electrophoresis system equipped with UV-visible absorbance, photodiode array, or laser
induced fluorescence detection (Beckman Coulter, Fullerton, CA, USA). When using
UV-visible absorbance detection, electropherograms were collected at 214 nm. When
using photodiode array detection, electropherograms were collected from 190 to 300 nm,
and specifically at 214, 254, and 288 nm. The instrument was controlled using the
32Karat V5.0 software from Beckman Coulter. The P/ACE MDQ was equipped to
accept 36 vials at each capillary outlet and an additional 48 vials at each capillary outlet
which were stored in a thermostat controlled chamber.
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The instrument was fitted with either bare-fused silica capillary (#TSP050375,
Polymicro Technologies, Phoenix, AZ, USA) or linear polyacrylamide modified capillary
(#04650-ZF, Microsolv Technology Corporation, Eatontown, NJ, USA). Both types of
capillary had an inner diameter of 50 µm, a total length, Lt, of 30.6 cm with a detection
window 10.2 cm from one of the capillary inlets. The detection window for the bare
fused silica capillary was made by removing the polyimide coating using the flame from
a butane lighter and cleaning the charred polyimide using a Kim Wipe wetted with
deionized water. The detection window for the polyacrylamide modified capillary was
made by carefully removing the polyimide coating using a razor blade. This gave a
length to the detection window, Ld, of either 10.2 cm or 20.4 cm depending on which end
of the capillary the sample was introduced.

Phospholipid Preparation
The DMPC/DHPC phospholipid preparation was prepared as follows. First an
appropriate amount of DMPC was weighed into a plastic 15 mL centrifuge tube. Next,
the amount of DHPC necessary to achieve a q value of 0.5 was calculated and weighed
out into the same 15 mL centrifuge tube. Then the phospholipids were dissolved in 100
mM MOPS pH 7.0 buffer so that the resulting solution contained 5 % w/v phospholipid.
The approximate concentrations of DMPC and DHPC were 30 and 60 mM, respectively,
assuming that the density of the phospholipids were 1 gmL-1 [27]. The phospholipid
preparation was mixed using a vortex mixer until all of the phospholipid was dissolved.
The phospholipid preparation was then exposed to a minimum of three freeze-thaw
cycles using liquid nitrogen.

After the last freeze-thaw cycle, the preparation was
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centrifuged for 10 min at 10,000 RPM in an Allegra 25CR centrifuge (Beckman Coulter)
that was kept at 4 C. The phospholipid preparation was then stored at -20 C. Prior to
use the preparation was exposed to one freeze-thaw cycle and centrifugation. An aliquot
of the phospholipid preparation was then transferred into 0.5 mL sample tube and
divalent cation added as discussed in the Research and Discussion section. The 10 mM
stock solutions of calcium chloride and magnesium chloride additives were prepared by
weighing out an appropriate amount and diluting with 100 mM MOPS pH 7.0 buffer.

2.3

Results and Discussion

Method for the Determination of Electroosmotic Flow Mobility
To test the effects of the phospholipid coating on the electroosmotic flow,
measurements were performed using a method reported in literature [28]. This method
utilizes three injection plugs containing a neutral marker to produce three analyte peaks
separated by two plugs of background electrolyte.

By applying an appropriate

mobilization pressure, the separation between the first and second peaks is a function of
pressure-induced linear velocity. Utilizing a voltage separation after injection of the
second analyte plug but before the third injection will create differences in the spacing
between peaks one and two and peaks two and three. The separation between the second
and third peaks is a function of both pressure-induced linear velocity and electroosmotic
mobility. The differences in the separation distance between peaks one and two and two
and three is the direct result of the electroosmotic flow during the voltage separation step.
The mobility of the peaks in combination with experimental parameters allow for the
calculation of electroosmotic flow.
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In capillary electrophoresis, the apparent mobility of an analyte, app, is equal to
the analyte’s velocity, v, divided by the applied field strength, E. If the analyte is
uncharged, then the apparent mobility is equivalent to the electroosmotic mobility, eo.
The relationship between apparent mobility, electroosmotic mobility, analyte velocity,
and field strength is shown in Eq. 2.1 [4, 7].

Ldet

 app  eo 

v

E

V

t migr
Lt



Ldet Lt

Vtmigr











In this equation, Ldet is the capillary length to the detection point, Lt is the total capillary
length, V is the applied voltage, and tmigr is the migration time of the analyte while the
electric field is applied. Because the electric field is not being used to direct the analytes
past the detection point, the electroosmotic distance, Leo, should be used instead of Ldet
[28]. The electroosmotic distance is calculated from the difference in migration times
between the analyte peaks multiplied by the pressure mobilization velocity, υm, used to
push all three peaks past the detection point (Eq. 2.2).

Leo  vm t3  t2   t2  t1  

Ldet
t3  t2   t2  t1 
t3

(2.2)

The electroosmotic distance is dependent on the migration times of the first, t1, second, t2,
and third analyte, t 3, peaks. The pressure mobilization velocity is equal to the length to
the detection point divided by the migration time of the third analyte peak. The sign of
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the electroosmotic distance describes whether the electroosmotic flow directs the analyte
plugs towards the detection point (+) or away from the detection point (-). Substituting
Eq. 2.2 into Eq. 2.1 results in the equation used to calculate electroosmotic flow (2.3).

 eo 

Leo Lt t 3  t 2   t 2  t1 Ldet Lt

 
Vt migr
Vt 3 t migr









This method is an improvement over direct measurement of electroosmotic flow due to
the shortened run time achieved by using pressure to push the analytes to the detection
point. Suppression of the electroosmotic flow lengthens the migration time of neutral
analytes which becomes a considerable inconvenience.
The measurements are accomplished by sequentially performing eight steps as
shown in Figure 2-2. The background electrolyte for these measurements is 20 mM Tris
buffered to pH 7.4. The neutral marker is N,N-dimethylformamide diluted in background
electrolyte to a final concentration of between 0.01 and 0.10% v/v. First, the capillary is
flushed with Tris buffer for 1 min at 138 kPa (20.0 psi) to ensure that the capillary is
filled with buffer and no analyte remains from previous analyses. Next a sample plug is
injected onto the capillary for 10 s at 0.7 kPa (0.1 psi). The sample plug is pushed
towards the detector for 75 s at 1 kPa (0.2 psi) using background electrolyte. The second
sample plug is injected at 10 s at 0.7 kPa (0.1 psi) and pushed towards the detector for 75
s at 1 kPa (0.2 psi). An electrophoretic separation occurs for 2 min at 4,000 V such that
the cathodic reservoir coincided with the site of injection, while the detection window
was located closer to the anodic buffer reservoir. It takes 6 s for the voltage to ramp to
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12 min, 0.1 psi push with buffer
to detection point

10 s, 0.1 psi injection of neutral marker

120 s, 4 kV separation

75 s, 0.2 psi injection of buffer

10 s, 0.1 psi injection of neutral marker

75 s, 0.2 psi injection of buffer

10 s, 0.1 psi injection of neutral marker

Figure 2-2 shows a procedural schematic of the method for the rapid determination of electroosmotic flow.

+

N1

N1

N1

N1

the desired level, therefore the electroosmotic migration time was corrected by
subtracting one half the ramp time. The third analyte peak is injected for 10 sec at 0.7
kPa (0.1 psi). Finally all three peaks are pushed towards the detection point for 12 min at
0.7 kPa (0.1 psi).
A representative electropherogram is shown in Figure 2-3. The peaks are labeled
N1, N2, and N3 to represent the order of injection and that they are from a neutral
analyte. It is clear to see the asymmetry in spacing between the peaks due to the voltage
separation step. Prior to analysis the capillary was coated with q = 0.5, 5% phospholipid
preparation. To coat the capillary the following procedure was used. First, the capillary
was flushed with 1 M NaOH for 1 hr at 276 kPa (40 psi) followed by a flush with
deionized water for 10 min at 139 kPa (20 psi). The sodium hydroxide flush serves to
clean and deprotonate the capillary surface. Next, the capillary was flushed for 10 min at
69 kPa (10 psi) with HPLC grade methanol. This was followed by a flush with deionized
water for 10 min at 69 kPa (10 psi) and a second flush with methanol for 10 min at 69
kPa (10 psi). The methanol flushes serve to remove any hydrophobic compounds from
the capillary surface which remained after the flush with sodium hydroxide. Finally, the
capillary was flushed with phospholipid preparation for 20 min at 110 kPa (16 psi)
followed by a 2 min flush at 139 kPa (20 psi) with background electrolyte.

The

phospholipid preparation/background electrolyte flush sequence was repeated 2, 4, or 6
times as discussed in the proceeding sections.

The amount of divalent calcium or

magnesium additive present in the phospholipid preparation is discussed in the next
section.

- 29 -

- 30 -

0.050

0

-0.005

0.000

0.005

10

0.010

0.015

20

0.020

0.025

30

0.030

0.035

40

0.040

0.045

50

AU

0

0

1

UV - 200nm
vigh ce
03248 - vigh ce

1

2

2

3

3

N1

4

4

5

5

Time (minutes)

6

6
Minutes

7

7

N2

8

8

9

9

N3

10

10

11

11

12

12

Figure 2-3 shows a representative chromatogram of the method for the rapid determination of electroosmotic flow.
The neutral marker (0.05 % N,N-dimethylformamide in 20 mM Tris buffered at pH 7.4) peaks are labeled according
to injection sequence. Analytes were detected using UV-visible absorbance detection at 200 nm. The rest of the
experimental conditions are given in the text.
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Suppression of Electroosmotic Flow with Different Divalent Cation Additives
Previous reports in literature have suggested that cations can increase the stability
of phospholipid membranes. This stability is derived from the interaction of the cation
with the phosphate oxygens or carbonyl oxygens of the phospholipid monomers within
the bilayer [29]. The types of cations that can be utilized include diamines [30, 31],
metals [32], and calcium [1, 33, 34]. To test whether divalent cations could increase the
stability of the phospholipid capillary coating, the capillary was coated with q = 0.5, 5%
phospholipid preparation to which differing amounts of calcium chloride or magnesium
chloride were added. The electroosmotic flow was then determined using the previously
discussed literature method [28].
For each experiment the capillary was coated in the following manner. First, the
capillary was flushed with 1 M NaOH for 1 hr at 276 kPa (40 psi) to deprotonate the
inner capillary surface followed by a flush with deionized water for 10 min at 139 kPa
(20 psi). Next, the capillary was flushed for 10 min at 69 kPa (10 psi) with HPLC grade
methanol. This was followed by a flush with deionized water for 10 min at 69 kPa (10
psi) and a second flush with methanol for 10 min at 69 kPa (10 psi). Finally, the capillary
was flushed with phospholipid preparation for 20 min at 110 kPa (16 psi) followed by a 2
min flush at 139 kPa (20 psi) with background electrolyte.

The phospholipid

preparation/background electrolyte flushing sequence was repeated twice.
The phospholipid preparation containing cation additive was prepared by
transferring 438 µL of q = 0.5, 5% stock phospholipid preparation to a 0.5 mL plastic
sample vial and adding 62 µL of cation additive diluted with 100 mM MOPS pH 7.0
buffer. The preparation was then mixed using a vortex mixer for 30 seconds. The
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remaining experimental conditions were as follows. The total capillary length was 30
cm, with a length to the detection window of 10 cm from the injection point. The neutral
marker was 0.01% v/v N,N-dimethylformamide diluted in 20 mM Tris pH 7.4 buffer.
The 20 mM Tris pH 7.4 buffer was also the background electrolyte. Detection was
achieved using UV-visible absorbance detection or photodiode array detection at 200 nm.
The injection sequence for the determination of electroosmotic flow was the same as
depicted in Figure 2-2.
The results of this experiment are shown in Table 2-1. A total of 8 different
phospholipid preparations were examined containing either no cation additive, 0.25 mM
Ca2+, 0.50 mM Ca2+, 0.75 mM Ca2+, 1.00 mM Ca2+, 1.25 mM Ca2+, 0.50 mM Mg2+, or
0.75 mM Mg2+. The average and standard deviation for n = 10 measurements of the
migration of each neutral marker peak and the resulting electroosmotic mobility are
provided. The phospholipid preparation without divalent cation additive had an average
electroosmotic mobility of -17.7 x 10-5 cm2V-1s-1, which was the highest of all
preparations tested.

The electroosmotic mobilities for phospholipid preparation

containing 0.25 mM Ca2+, 0.50 mM Ca2+, 0.75 mM Ca2+, and 0.75 mM Mg2+ ranged
between -11 x 10-5 and -12 x 10-5 cm2V-1s-1. The results for preparations containing 1.25
mM Ca2+ and 0.50 mM Mg2+ were -7 x 10-5 and -7 x 10-5 cm2V-1s-1, respectively. The
standard deviations for the measurements containing 1.25 mM Ca2+ and 0.50 mM Mg2+
were such that the values overlapped. The phospholipid preparation containing 1.25 mM
Ca2+ was chosen for further experiments due its suppression of electroosmotic mobility
and smaller standard deviation when compared to phospholipid preparation containing
0.50 mM Mg2+.
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Time N1

Time N2

Time N3

µeo

(s)

(s)

(s)

x 10 cm V s

327 ± 9

520 ± 10

567 ± 9

- 17.7 ± 0.8

0.25 mM Ca

280 ± 20

480 ± 20

574 ± 6

- 12 ± 2

0.50 mM Ca2+

240 ± 20

440 ± 20

550 ± 10

- 11 ± 2

0.75 mM Ca

260 ± 20

460 ± 20

560 ± 20

- 11 ± 2

1.00 mM Ca2+

290 ± 20

490 ± 30

550 ± 20

- 16 ± 2

1.25 mM Ca

250 ± 20

490 ± 20

580 ± 10

-7±2

0.50 mM Mg2+

240 ± 20

430 ± 20

570 ± 20

-7±2

250 ± 20

450 ± 20

550 ± 20

- 11 ± 2

Additive

None
2+

2+

2+

2+

0.75 mM Mg

-5

2

-1 -1

Table 2-1 shows the suppression of electroosmotic flow in response to adding divalent
cation to the phospholipid preparation immediately prior to coating the capillary. The
averages and standard deviations are provided for n = 10 measurements. The capillary
was coated twice with q = 0.5, 5% phospholipid preparation plus additive prior to each
set. The neutral marker was 0.01% v/v N,N-dimethylformamide diluted in 20 mM Tris
buffered at pH 7.4. Other conditions are outlined in the text.
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Suppression of Electroosmotic Flow with a Different Coating Sequences
An experiment was designed to test whether increasing the number of
applications of phospholipid preparation increased suppression of electroosmotic flow.
The suppression of electroosmotic flow was measured after 2, 4, or 6 sequential
applications of q = 0.5, 5% phospholipid with 1.25 mM Ca2+ additive. The capillary
flushing sequence was identical to that used for examining the effects of different cation
additives. The total length of the capillary was 30 cm, with 10 cm to the detection point.
The neutral marker was 0.01% v/v N,N-dimethylformamide diluted with 20 mM Tris pH
7.4 buffer.

The background electrolyte was also 20 mM Tris pH 7.4 buffer.

The

measurement of electroosmotic flow was performed as discussed previously and
illustrated in Figure 2-2.
The results of this experiment are shown in Table 2-2. The average and standard
deviation for n = 8 measurements are provided for the migration time of each neutral
marker peak and for the resulting electroosmotic mobility. The data for set A was
gathered using UV-visible absorbance detection at 200 nm. The data for two applications
of the phospholipid preparation was gathered first, following by the data for four
applications and six applications. As the number of applications of the phospholipid
preparation increased, the electroosmotic mobility decreased from -10 x 10-5 to -4.8 x 105

cm2V-1s-1. The data for set B was gathered using photodiode array detection at 200 nm.

The data for six applications of the phospholipid preparation was gathered first, following
by the data for four applications and two applications. For set B there was no discernable
trend and the average electroosmotic mobility between applications had a narrower
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Time N1

Time N2

Time N3

µeo

(s)

(s)

(s)

x 10-5 cm2V-1s-1

2

320 ± 20

520 ± 20

620 ± 10

- 10 ± 1

4

280 ± 10

470 ± 20

610 ± 20

- 6.3 ± 0.7

6

263 ± 5

454 ± 7

600 ± 10

- 4.8 ± 0.8

6

265 ± 9

460 ± 7

594 ± 4

- 6.8 ± 0.5

4

255 ± 5

448 ± 4

589 ± 3

- 5.7 ± 0.6

2

254 ± 4

453 ± 6

594 ± 9

- 6.2 ± 0.3

# of Coats

A
A

BB

Table 2-2 shows the suppression of electroosmotic flow as a function of the number of
phospholipid coatings applied to the capillary prior to each set. The averages and
standard deviations are provided for n = 8 measurements. Set A was performed using a
P/ACE MDQ equipped with UV-visible absorbance detection. Set B was performed
using a P/ACE MDQ equipped with photodiode array detection. The capillary was
coated with q = 0.5, 5% phospholipid preparation plus 1.25 mM Ca2+. The neutral
marker was 0.01% N,N-dimethylformamide diluted in 20 mM Tris buffered at pH 7.4.
Other experimental conditions are outlined in the text.
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distribution, ranging from -5.7 x 10-5 to -6.8 x 10-5 cm2V-1s-1. Subsequent experiments
were based on six applications of the phospholipid preparation.

Intra-set and Inter-set Reproducibility of Electroosmotic Flow Suppression
The reproducibility of electroosmotic flow suppression using the phospholipid
capillary coating was determined in the following manner.

Using the previously

described method for determining electroosmotic flow, 6 sets of 10 replicate
measurements were made. Either one or two sets were measured during a single day,
with all measurements completed within a period of 9 days. The capillary was coated
with phospholipid prepared from the same stock solution of q = 0.5, 5% phospholipid in
100 mM MOPS pH 7.0 buffer to which 1.25 mM Ca2+ was added. The neutral marker
was 0.01% v/v N,N-dimethylformamide in 20 mM Tris pH 7.4 buffer. The background
electrolyte was 20 mM Tris pH 7.4 buffer. The total length of the capillary was 30 cm,
with the detection point positioned 10 cm from the injection point. For each set the
capillary was flushed as described previously. The flushing sequence comprised of the
20 minute phospholipid preparation followed by a 2 minute background electrolyte was
repeated a total of 6 times. The experimental conditions for the measurements were
described previously and depicted in Figure 2-2. The average electroosmotic mobility
within set ranged from 4.8 x 10-5 to 13 x 10-5 cm2 V-1s-1. The intra-set standard deviation
ranged from 0.5 x 10-5 to 1 x 10-5 cm2 V-1s-1, which represented a percent relative standard
deviation ranging from 4 to 15 %. The inter-set percent relative standard deviation was
33 %.

Although the inter-set percent relative standard deviation is large, the

comparatively low magnitude of suppressed electroosmotic mobility to the total apparent
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mobility of charged analytes reduces the effect of reproducibility. This fact is further
discussed in the next section.

Determination of Electrophoretic Mobility with a Coated Capillary
The method used for measuring the electroosmotic mobility of the phospholipid
coated capillary can be adapted to determine the electrophoretic mobility of charged
analytes simply by adding the charged analyte to the sample containing the neutral
marker [28]. When the voltage is applied the charged analytes will separate from the
neutral marker. The difference in migration times between the charged analyte and the
neutral marker it was injected with can be used to calculate the apparent mobility of the
charged analyte. The apparent mobility of an anion is given by Eq. 2.4.

A
 app


L A Lt
Vt migr

(2.4)

Here µappA is the apparent mobility of the anion and LA is the length the anion travels
during the electrophoretic separation step. The other terms are the same as described in
Eq. 2.3. The length the anion travels is equal to the difference between the migration
times of the anion and corresponding neutral marker peak multiplied by the pressure
mobilization velocity (LA = (tA - tN)vm). Expressing LA transforms Eq. 2.4 into Eq. 2.5.

A
 app


t A  t N vm Lt
Vt migr



t A  t N Ldet Lt

(2.5)

Vt migr t 3
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The apparent mobility of an anion is equal to the sum of the electrophoretic and
electroosmotic mobilities. The electrophoretic mobility can be calculated if the other two
mobilities are known.
The electrophoretic mobility measurements are accomplished by sequentially
performing steps as shown in Figure 2-4. First, the capillary is flushed with Tris buffer
for 1 min at 138 kPa (20.0 psi) to ensure that the capillary is filled with buffer and no
analyte remains from previous analyses. Next a sample plug containing neutral marker
(N1) and anion (A1) is injected onto the capillary for 2.5 s at 0.7 kPa (0.1 psi). The
sample plug is pushed towards the detector for 75 s at 1 kPa (0.2 psi) using background
electrolyte. The second sample plug (N2/A2) is injected for 2.5 s at 0.7 kPa (0.1 psi) and
pushed towards the detector for 75 s at 1 kPa (0.2 psi).

An electrophoretic separation

occurs for 180 sec at 5,000 V such that the cathodic reservoir coincided with the site of
injection, while the detection window was located closer to the anodic buffer reservoir. It
takes 6 s for the voltage to ramp to the desired level, therefore the electroosmotic
migration time was corrected by one half the ramp time. The third sample plug (N3/A3)
is injected for 2.5 sec at 0.7 kPa (0.1 psi). Finally all three peaks are pushed towards the
detection point for 12 min at 0.7 kPa (0.1 psi).
A representative electropherogram is shown in figure 2-5. The sample plug
contained the neutral marker, 0.0025% v/v N,N-dimethylformamide, and the anion, 200
µM sulindac, in 20 mM Tris pH 7.4 buffer. The peaks are labeled to show the charge of
the analyte (neutral, N, or anion, A) and the order of injection (1, 2, 3). The third sample
plug is unresolved, resulting in the higher peak height. The electrophoretic separation
step must be carefully selected so that the analyte peaks do not co-migrate and so that
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Figure 2-4 shows a procedural schematic of the method for the simultaneous determination of electroosmotic flow
and electrophoretic mobility of an anion.
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Figure 2-5 shows a representative chromatogram of the method for the simultaneous determination of electroosmotic
flow and electrophoretic mobility of an anion. The neutral marker is 0.0025% N,N-dimethylformamide in 20 mM
Tris pH 7.4 buffer, the anion is 200 µM sulindac. Detection is with UV-visible absorbance at 214 nm. The injection
scheme is shown in figure 2-4. Other conditions are outlined in the text.
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anion peaks do not migrate past the detection window before the electropherogram is
recorded. Two measurements of the apparent mobility can be made from a single run.
This method can be adapted further to obtain more measurements per run or to examine
multiple analytes per run [28].
Using this method, the electrophoretic mobility of sulindac was determined. A
total of 6 sets of n = 10 measurements were performed over the course of a single week.
The sample contained 0.0025% N,N-dimethylformamide and 200 µM sulindac in 20 mM
Tris pH 7.4 buffer. The total length of the capillary was 30 cm, with the detection point
positioned 10 cm from the injection point. Detection was achieved using UV-visible
absorbance detection at 214. The capillary was coated with 6 applications of q = 0.5, 5%
phospholipid preparation containing 1.25 mM Ca2+.

For each set the capillary was

flushed with the entire flushing procedure as described previously. The aliquots of the
phospholipid preparation used for each set came from the same stock solution to which
Ca2+ was added immediately before coating the capillary.
The results of this experiment are provided in Table 2-3.

The average and

standard deviation of the electroosmotic mobility and the electrophoretic mobilities of the
two anion peaks are provided for each set. The electroosmotic mobility ranged from 1.7
x 10-5 to 3.2 x 10-5 cm2V-1s-1 while the percent relative standard deviation ranged from 9
to 35 %. The electrophoretic mobility of sulindac ranged from 17.4 x 10-5 to 19.7 x 10-5
cm2V-1s-1 for the first peak and from 17.1 x 10-5 to 20 x 10-5 cm2V-1s-1 for the second
peak. The intra-set percent relative standard deviations ranged from 1 to 5 % for both
sulindac peaks and mirrored the behavior of the percent relative standard deviation for
the electroosmotic mobility. The inter-set percent relative standard deviation for the
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µeo

Set
-5

µep, peak 1
2 -1 -1

-5

2

-1 -1

µep, peak 2
-5

2

-1 -1

x 10 cm V s

x 10 cm V s

x 10 cm V s

1

- 1.7 ± 0.6

17.6 ± 0.6

18.6 ± 0.7

2

-3±1

19.4 ± 0.9

20 ± 1

3

- 2.7 ± 0.4

18.7 ± 0.4

19.1 ± 0.4

4

- 3.2 ± 0.3

19.7 ± 0.2

19.4 ± 0.2

5

- 2.0 ± 0.4

17.4 ± 0.4

17.1 ± 0.3

6

- 2.0 ± 0.4

17.7 ± 0.4

17.9 ± 0.7

Average

- 2.5

18.5

18.7

St. Dev.

0.5

0.5

0.6

% RSD

21

2.6

2.9

Table 2-3 shows the inter-set reproducibility for the simulation determination of
electroosmotic flow and electrophoretic mobility. For each set the average and standard
deviation for n = 10 measurements is provided. The average, standard deviation, and
percent relative standard deviation across sets are also provided. The sample is
comprised of 0.0025% N,N-dimethylformamide and 200 µM sulindac diluted in 20 mM
Tris pH 7.4 buffer. Other experimental conditions are provided in the text.
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electroosmotic mobility was 21 %, however, the inter-set percent relative standard
deviation for the sulindac peaks were 2.6 and 2.9 %, respectively. This demonstrates that
variability in the suppressed electroosmotic mobility does not greatly affect the calculated
electrophoretic mobility.

Effects of Capillary Surface on the Analysis of Amyloid Precursor Protein
Selecting an inert surface for protein and peptide analyses is difficult because
proteins or peptides may display dissimilar surface characteristics at different locations.
Amyloid Precursor Protein (APP) is a heparin binding protein that possesses cationic
binding domains, domains rich in anionic amino acids, and hydrophobic regions, which
can interact with different surface functionalities.

For this experiment the 96-110

fragment of APP was dissolved in 100 mM MOPS pH 7.0 buffer to 260 µM. This 15residue peptide fragment is cyclized via a disulfide bond between cysteine residues (AcNWCKRGRKQCKTHPH-NH2). At physiological pH, the net charge of the fragment is
+6, yet the peptide contains hydrophobic residues.
The challenges of selecting a capillary surface with minimal analyte interactions
are shown in Figure 2-6. The analyte was introduced to the capillary by hydrodynamic
injection for 4s at 3.4 kPa (0.5 psi) or 6.9 (1.0 psi). All traces are normalized to the time
and signal scale provided. The background electrolyte was 100 mM MOPS pH 7.4 with
an applied field strength of 167 Vcm-1. The total capillary length for each capillary was
30 cm, with the detection point located 10 cm from the injection point. Detection was
achieved using UV-visible absorbance detection at 214 nm. Interactions with bare fused
silica capillary produces severely broadened peaks due to interaction of the cationic

- 43 -

Bare capillary
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*

*

Figure 2-6 shows the capillary electrophoresis analysis of 260 µm APP96-110 using three
different capillary surface modifications and hydrodynamic injection for 4 s at either 6.9
kPa (1.0 psi, A) or 3.4 kPa (0.5 psi, B). The peak for the peptide is marked with an
asterisk. This figure is adapted from Figure 1, reference [1].
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residues with the anionic silanoate groups.

Interactions with the hydrophilic

polyacrylamide surface produce either a short broad peak (top) or no peak at all (bottom).
The zwitterionic phospholipid coating minimizes non-ideal surface adsorption between
the APP fragment and the capillary surface.

Dual Opposite Injection Capillary Electrophoresis of Pharmaceuticals
The suppression of electroosmotic flow by the phospholipid coating allows for
separations to be dominated by the electrophoretic mobilities of analytes. Because anions
and cations migrate towards different electrodes, the simultaneous detection of both
species is difficult under normal conditions (e.g. analytes introduced from the same side
of the capillary) with suppressed electroosmotic flow. Alternatively, analyte can be
introduced from opposite sides of the capillary, termed dual opposite injection capillary
electrophoresis [35]. Dual opposite injection capillary electrophoresis has been reported
for the rapid and efficient determination of small inorganic cations and anions as well as
pharmaceutical compounds and surfactant molecules [9, 10, 35-40]. These separations
are possible because the electrophoretic mobility of the analytes are greater than the
electroosmotic flow, as is the case for inorganic monatomic ions [10, 37], or the
electroosmotic flow has been suppressed [9].
The applicability of the phospholipid coating for dual opposite injection capillary
electrophoresis was tested using a mix of anion and cationic pharmaceuticals. Table 2-4
lists the name, CAS number, molecular weight, pKA, and charge at pH 7 for anionic nonsteroidal anti-inflammatory drugs (NSAIDs) or cationic β-blockers. All of these analytes
are singly charged at pH 7 and possess a narrow molecular weight distribution. The
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Compound

Common Name

CAS #

MW
(g/mol)

pKA

Charge at pH 7

1

acetylsalicylic acid

50-78-2

180.16

3.48

-1

2

atenolol

29122-68-7

266.34

9.16

+1

3

bupivacaine

38396-39-3

288.43

8.17

+1

4

fenoprofen

29679-58-1

242.27

4.20

-1

5

ferulic acid

1135-24-6

194.18

4.04

-1

6

ibuprofen

15687-27-1

206.28

4.41

-1

7

indoprofen

31842-01-0

281.31

4.39

-1

8

lidocaine

137-58-6

234.34

8.53

+1

9

metoprolol

51384-51-1

267.36

9.17

+1

10

naproxen

22204-53-1

230.26

4.84

-1

11

prilocaine

721-50-6

220.31

7.95

+1

12

sulindac

38194-50-2

356.41

4.26

-1

13

tolmetin

26171-23-3

257.28

4.22

-1

Table 2-4 lists the name, CAS number, molecular weight, pKA, and charge at pH 7 for
pharmaceutical compounds analyzed using the phospholipid coating, and adapted from
Supplemental Table 1 from reference [1].
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Figure 2-7 shows the structure of the pharmaceutical compounds analyzed in this work.
The numbers correspond to the name of the compounds found in Table 2-4.
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structures for the analytes are shown in Figure 2-7. Each analyte possess at least one
aromatic ring which allows for UV-visible absorbance detection.
The experiment was accomplished using a bare fused silica capillary with an inner
diameter of 50 µm, a total length 30 cm, and a detection point positioned 10 cm from one
inlet. The analytes were each diluted to a final concentration of 200 µM using 20 mM
Tris pH 7.4 buffer. The 20 mM Tris pH 7.4 buffer was also the background electrolyte.
Detection was achieved using UV-visible absorbance detection at 200 nm. The capillary
was coated with 6 applications of q = 0.5, 5% phospholipid preparation containing 1.25
mM Ca2+ in 100 mM MOPS pH 7.4 buffer. The remaining flushing procedure has been
described previously.

Sample introduction was achieved using either simultaneous

electrokinetic injection or sequential hydrodynamic injection. The sample introduction
procedure is illustrated in Figure 2-8. For simultaneous electrokinetic injection (2-8A)
the ends of the capillary were immersed in two identical samples containing the
pharmaceutical mixture.

Sample was injected for 2 s at 5kV.

The NSAIDs were

introduced at the cathode while the β-blockers were introduced at the anode.

For

sequential hydrodynamic injection (2-8B) two identical samples were positioned on each
side of the capillary. The first sample plug was introduced for 4 s at 0.7 kPa (0.1 psi),
followed by an injection of background electrolyte for 30 s at 0.7 kPa (0.1 psi). The
second sample plug was introduced from the opposite side of the capillary for 4 s at 0.7
kPa (0.1 psi) followed by an injection of background electrolyte for 12 s at 0.7 kPa (0.1
psi).

The injections of background electrolyte allowed for the sample plugs to be

positioned the same distance from the inlet on each side of the capillary. A 15 minute
separation was then performed at 5 kV such that the cathode was at the short end
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Figure 2-8 is a procedural schematic showing simultaneous electrokinetic (A) or
sequential hydrodynamic (B) injection of anions and cations.
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of the capillary. The analytes then migrated to their corresponding electrodes (anions to
the anode, cations to the cathode).
The resulting dual opposite injection capillary electrophoresis separation of 10
pharmaceuticals is shown in Figure 2-9. Naproxen, ibuprofen, tolmetin, indoprofen, and
sulindac migrated from the cathodic inlet and had a length to the detector of 10 cm.
Atenolol, metoprolol, lidocaine, prilocaine, and bupivacaine migrated from the anodic
inlet and had a length to the detector of 20 cm. Samples were introduced using sequential
hydrodynamic injection. The separation was achieved using a 10 kV applied field with a
background electrolyte of 20 mM Tris pH 7.4 buffer. The identity of each peak was
confirmed by spiking the sample with an extra amount of a single analyte and observing
which peak increased in height. This process was repeated for each analyte. Because the
detection point is fixed care must be taken with the separation conditions so that the
anions reach the detection point during a different time window than the cations.
The impact of the sample introduction method on the separation performance was
tested using a test mix of 7 different pharmaceuticals. Naproxen, tolmetin, indoprofen,
and sulindac, as well as atenolol, lidocaine, bupivacaine were selected due to their ability
to be resolved from each other. A sample containing each analyte at 200 µM in 20 mM
Tris pH 7.4 buffer was prepared.

The applied electric field was reduced to 5 kV so that

there was reduced risk of peak overlap between anions and cations. The results of n = 4
measurements using simultaneous electrokinetic injection and sequential hydrodynamic
injection are shown in Tables 2-5 and 2-6, respectively. The results for migration time,
peak area, peak height, peak width, theoretical plates, and resolution did not show a
preference for either method of injection, demonstrating that dual opposite
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Figure 2-9 is a representative electropherogram showing the dual opposite injection capillary electrophoresis
separation of (1) naproxen, (2) ibuprofen, (3) tolmetin, (4) indoprofen, and (5) sulindac (injected at cathode), as well
as (6) atenolol, (7) metoprolol, (8) lidocaine, (9) prilocaine, and (10) bupivacaine (injected at anode). The
background electrolyte is 20 mM Tris buffered at pH 7.4. All analytes were at 200 µM with UV-visible absorbance
detection at 200 nm. Other run conditions are described in the text.
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12.4 ± 0.2

atenolol

3

3.8 ± 0.4

9±2

6±1

7±1

3.6 ± 0.3

3.1 ± 0.2

2.0 ± 0.2

x 10

Peak Area

3.2 ± 0.3

6.0 ± 0.5

6.3 ± 0.5

8.5 ± 0.6

6.0 ± 0.6

5.4 ± 0.5

3.5 ± 0.3

2

x 10 (µAU)

Peak Height

0.44 ± 0.05

0.7 ± 0.1

0.4 ± 0.1

0.33 ± 0.04

0.21 ± 0.01

0.21 ± 0.01

0.24 ± 0.01

(min)

Peak Width
3

17 ± 2

6±1

16 ± 4

5.9 ± 0.7

11.7 ± 0.6

10.8 ± 0.5

7.3 ± 0.3

x 10
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2.4

1.1

---

2.5

1.0

1.5
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Table 2-5 shows the figures of merit for the DOI-CE separation of 4 NSAIDs and 3 β-blockers using simultaneous
electrokinetic injection of 5 kV for 2 seconds. The results shown are the averages ± standard deviation for n=4
replicates. The experimental conditions described in the caption to Figure 2-8 and the text. The resolution is
calculated between the given peak and the preceding peak (ex. R = 1 for indoprofen and tolmetin) for both the
NSAIDs and β-blockers.
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Table 2-6 shows the figures of merit for the DOI-CE separation of 4 NSAIDs and 3 β-blockers with sequential
hydrodynamic injection of 0.7 kPa (0.1 psi) for 4 seconds. The results shown are the averages ± standard deviation
for n=4 replicates. A spacing plug was used to prevent the sample plug from being pushed from the capillary.
Remaining conditions are the same as in Figure 2-8, with additional details provided in the text. The resolution is
calculated between the given peak and the preceding peak (ex. R = 0.81 for indoprofen and tolmetin) for both the
NSAIDs and β-blockers.
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injection capillary electrophoresis for the analysis of pharmaceutical compounds is
feasible with both electrokinetic and hydrodynamic sample introduction.

Dual Opposite Injection Affinity Capillary Electrophoresis Analysis of Heparin and
Amyloid Precursor Protein
Amyloid proteins show affinity toward glycosaminoglycans due to binding
domains which are rich in basic residues (e.g. arginine or lysine) [41-44]. However, the
exact relationship between anionic polysaccharides and amyloid proteins in vivo is
complex. The interaction of heparan-like glycosaminoglycans with amyloid proteins
leads to aggregation via -sheet fibrils [42-47] with the effect that glycosaminoglycans
have on fibril formation being related to the degree of sulfation of each
glycosaminoglycan [47]. Heparan sulfate facilitates fibril formation, yet heparin, which
is not as highly sulfated as heparan sulfate, appears to inhibit the process [48-51].
Performing affinity screening of individual heparin binding domains against polydisperse
glycosaminoglycans is one step in unraveling the events that lead to fibril formation. The
traditional capillary electrophoresis screening assay based on migration shift affinity
measurements has been previously reported for the 96-110 fragment of Amyloid
Precursor Protein and various heparin-like glycosaminoglycans has been previously
reported [52]. Although the method demonstrated differences in affinity for different
glycosaminoglycan preparations, each analysis required a significant quantity of
glycosaminoglycans to be incorporated into the background electrolyte.
An alternative strategy takes dual opposite injection capillary electrophoresis and
introduces target and ligand from opposite ends of the capillary to create dual opposite
injection affinity capillary electrophoresis.

This technique is well-suited to screen
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polydisperse glycosaminoglycans for affinity to heparin binding peptides, and utilizes
less material than migration shift assays. The strategy is shown in Figure 2-10. Using
sequential hydrodynamic injection, negatively charged heparin ligand is injected onto the
capillary at the cathodic end while the cationic peptide fragment is injected onto the
capillary at the anodic end. When the field is applied the peptide passes the detection
window where it intersects with the heparin. The low molecular weight heparin ligand
(MW < 5,000) contains approximately 10 dimeric units. Upon binding the complex
possesses a net negative charge and the direction of migration of the bound peptide
reverses such that the complex migrates toward the detection window. This allows the
total and bound peptide to be monitored during a single run. The phospholipid coating is
critical to this application because it is inert to the heparin ligand, and the free and bound
peptide.
A simple experiment to test the feasibility of using dual opposite injection affinity
capillary electrophoresis to investigate the interactions between heparin and APP96-110
was accomplished using a bare fused silica capillary with an inner diameter of 50 µm, a
total length of 40 cm, and a detection point positioned 10 cm from one inlet was coated
with 6 applications of q = 0.5, 5% phospholipid preparation containing 1.25 mM Ca2+ in
100 mM MOPS pH 7.0 buffer. The background electrolyte was 100 mM MOPS pH 7.0
buffer. Heparin was introduced at the cathodic side of the capillary using hydrodynamic
injection for 4 s at 13.8 kPa (2.0 psi) followed by an injection of background electrolyte
for 12 s at 0.7 kPa (0.1 psi). APP96-110 was introduced from the anodic side of the
capillary using hydrodynamic injection for 4 s at 13.8 kPa (2.0 psi).
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Figure 2-10 shows a procedural schematic of the dual opposite injection affinity capillary electrophoresis analysis of
APP96-110 and heparin oligosaccharide.
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The separation step occurred at 10 kV for 12 minutes. Detection was achieved using
UV-visible absorbance detection at 214 nm.
A representative electropherogram is shown in Figure 2-11. APP96-110 is at a
constant concentration of 130 µM. The total APP96-110 peak represents the unbound
peptide as it first passes the detection point. The bound peak represents the fraction of
peptide that was bound by heparin and migrated back across the detection point. Because
heparin lacks a native chromophore whose absorbance can be measured with the
instrumentation used, the only signals observed are those from APP96-110. The traces are
normalized to the top trace for which time and absorbance scales are provided. When
heparin is introduced in excess at 200 µM, one-to-one binding occurs resulting in a single
peak for the bound peptide. As the heparin is decreased to 100 µM, the bound peak
begins to broaden, but is still indicative of one-to-one binding. When the concentration
of heparin is decreased to 15 µM there is an excess of peptide available for multivalent
binding resulting in multiple bound peaks.
Since the both the total free peptide and the bound peptide fractions are observed
the affinity interaction between the peptide and heparin can be estimated.

If the

interaction between target and ligand are assumed to be one-to-one then the following
equation can be used to calculate the equilibrium dissociation constant, Kd, which is a
measure of the affinity interaction (Eq. 2.6).

y

Bmax X
KD  X

(2.6)
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Figure 2-11 shows representative electropherograms of the dual opposite injection
affinity capillary electrophoresis analysis of 130 µM APP96-110 peptide and different
concentrations of low molecular weight heparin in 100 mM MOPS pH 7.0 buffer. The
concentration of the heparin is indicated for each electropherogram. Other run conditions
are described in the text. This figure is adapted from Figure 5, reference [1].
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In this equation y is the bound peptide signal, X is the concentration of heparin ligand,
and Bmax is the maximum specific binding in the system [52].
The binding affinity between heparin and APP96-110 was measured at two different
concentrations of peptide (260 and 520 µM) and six different concentrations of heparin
(10, 15, 20, 25, 50, and 100 µM). Experimental conditions were as described for Figure
2-11. The peak height of the bound peptide was used to calculate Kd and B max using Eq.
2.6 and GraphPad Prism Version 4.0 (GraphPad Software Inc., La Jolla, CA, USA). The
units for Kd are µM and the units for Bmax are mAU (it possesses the same units as the
bound peak signal). The Kd and Bmax for the experiments with 260 µM peptide were 23.8
µM and 0.30 mAU, respectively. The Kd and Bmax for the experiments with 520 µM
peptide were 38.9 µM and 0.43 mAU, respectively. The R2 value for each fit was 0.9143
and 0.9336 for 260 µM and 520 µM peptide, respectively. The Kd for APP96-110 and low
molecular weight heparin is reported to be 3.9 µM [52]. In keeping with other nonequilibrium affinity selection methods [53] this approach requires an efficient separation
combined with good limits of detection, or a means of identifying the sequence of the
ligands after selection. Because multivalent binding exists at lower concentrations of
heparin, labeling the heparin so that it can be observed may also serve to better quantify
multivalent versus one-to-one binding.

2.4

Conclusions and Future Directions
This work demonstrates the use of a semi-permanent phospholipid-based capillary

coating to suppress electroosmotic flow.

Suppression of electroosmotic flow was
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investigated with respect to the amount of divalent cation added to the phospholipid
preparation and the number of applications of the phospholipid preparation. The interset and intra-set reproducibility of electroosmotic flow suppression was also determined.
The utility of the phospholipid coating for electrophoretic mobility dominated separations
was also investigated using pharmaceuticals. Suppression of the electroosmotic flow
allows for the investigation of affinity interactions while incorporating electrophoretic
selection of ligand libraries. The technique offers flexibility in target-ligand analysis as
the arrival time at the detection window can be varied to control the separation distance
used to sort the ligand library as well as heterogeneous mixtures of target-ligand
complexes.

Dual opposite injection affinity capillary electrophoresis is ideal for

screening since it consumes low sample volumes per run (picoliter to nanoliter), and the
total amount of ligand or target introduced can be changed by varying the injection
duration, pressure, or in the case of simultaneous electrokinetic injection, the applied
voltage. Finally, the method can be used to determine affinity binding constants if both
the ligand and target contain a detectable chromophore.

Plug-Plug Analyses of Albumin and Pharmaceutical Ligands
In light of the potential of electroinjection analysis and electrophoreticallymediated microanalysis for affinity selection, the separation shown in Figure 2-10 may be
modified to screen for protein interaction by introducing protein plugs in the capillary
separation. This technique is applied to target-ligand screening of the plasma carrier
protein serum albumin with pharmaceutical ligands. Serum albumin has a net negative
charge at physiological pH and a low electrophoretic mobility. It circulates at high
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concentrations within the bloodstream, and has multiple drug binding sites.

As an

example, NSAIDs are known to interact with serum albumins at the Sudlow site II also
referred to as the tryptophan–benzodiazepine binding site [54, 55]. Drug efficacy is
affected by albumin binding, as this protein is involved in transport and bioavailability in
vivo. Drug binding may be enhanced or the drug may be competitively displaced via
multiple drug interactions. Rapid screening and analysis via capillary electrophoresis is
one means to assess such interactions.
Affinity screening via capillary electrophoresis with suppressed electroosmotic
flow rapidly identifies binding interactions of pure or heterogeneous mixtures. The
minimum information required to initiate screening is knowledge of protein mobility. A
schematic of the interaction between NSAIDs and albumin is presented in Figure 2-12.
Serum albumin is introduced to the capillary using hydrodynamic injection for 4 s at 0.7
kPa (0.1 psi). Next, the mixture containing the pharmaceutical ligands is introduced
using hydrodynamic injection for 4 s at 0.7 kPa (0.1 psi). When a 15 kV field is applied
such that the analytes were introduced at the cathode.

Because the electrophoretic

mobilities of the ligands are greater than mobility of the serum albumin, they migrate
through the albumin plug. Weak binders will continue to pass through to the detection
point while strong binders will bind to and co-migrate with serum albumin. Because the
mass of albumin is approximate 65,000 Daltons, the binding of the pharmaceutical
ligands (~ 200 – 300 Daltons) will not greatly the charge to size ratio of the albumin
dominated complex. The protein concentration may be varied, although physiologically
relevant concentrations is approximately 0.7 mM [56]. In addition, the plug length may
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Figure 2-12 shows a procedural schematic of the plug-plug kinetic capillary electrophoresis analysis of bovine serum
albumin and pharmaceutical ligands.
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Figure 2-13 shows the plug-plug kinetic capillary electrophoresis analysis of acetylsalicylic acid, ferulic acid, fenoprofen, and sulindac each at 100 M obtained in the
absence (upper and lower traces) and presence (middle traces) of the bovine serum
albumin. The plug size ratio of albumin to ligands is denoted in each trace. Other
experimental details are given in the text. This figure is adapted from figure 3, reference
[1].
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be changed, and hence the effective amount of available albumin concentration changed,
by varying the plug injection parameters. This is shown in Figure 2-13.
The interaction between serum albumin and four pharmaceuticals (acetylsalicylic
acid, ferulic acid, fenoprofen, and sulindac) is observed at differing plug size ratios. Each
pharmaceutical is at 100 µM while the serum albumin is at 350 µM. The size of the
albumin plug was varied by changing the time of the hydrodynamic injection relative to
the injection of the ligands. Experimental conditions were as illustrated in Figure 2-12.
The total capillary length was 40 cm, with the detection window positioned 10 cm from
the injection point.

The applied field strength was 375 Vcm-1.

The background

electrolyte was 100 mM MOPS pH 7.0 buffer. Analytes with high affinity for albumin
(fenoprofen and sulindac) disappear when albumin is present.

Analytes with lower

affinity for albumin (acetylsalicylic acid and ferulic acid) have show more tailing and a
reduced peak height as the injection plug of albumin is increased. This experiment could
be adapted to study competitive binding between protein and pharmaceutical ligands.
The ligands could be electrophoretically sorted and sequentially introduced with a sample
plug of target. If the ligand is bound but then displaced by a more strongly binding
ligand, the migration of that weaker binding ligand will shift in the presence or absence
of a more strongly binding ligand. To make this experiment more feasible the potential
ligands should have a strong signal with the chosen method of detection.

2.5
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CHAPTER 3: DETERMINATION OF THE SURFACE PROPERTIES AND
DIELECTROPHORETIC CROSSOVER FREQUENCY OF SURFACE MODIFIED
POLYSTYRENE PARTICLES
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3.1

Introduction
The work presented in this chapter details experiments conducted using surface

modified polystyrene particles and is published in a peer-reviewed journal [1]. The
surface characteristics of four different types of commercially available polystyrene
particles were measured using capillary electrophoresis. These characteristics include the
zeta potential, surface charge density, and surface conductivity. The polystyrene particles
were modified with either of two different fluorophores, modified with fluorophore and
carboxyl groups, or modified with fluorophore and streptavidin protein. The surface
conductivity measurements were then used to select an appropriate suspending medium
with which to observe dielectrophoretic behavior. The response of each type of particle
was determined as a function of the applied field frequency. The surface conductivity
values derived from dielectrophoresis experiments were then compared to the values
determined by capillary electrophoresis. The dielectrophoretic separation of two
populations of polystyrene particles modified with different fluorophores was achieved in
part due to capillary electrophoresis measurements.

Dielectrophoretic Force and Crossover Frequency
In order to manipulate particles by dielectrophoresis it is necessary to understand
the relationship between the dielectrophoretic force, FDEP, and the frequency of the
applied AC field, ω. A general form of the dielectrophoretic force acting on a particle in
an AC field is shown in Eq. 3.1 [2].
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The force is a function of four parameters: the volume of the particle, Vparticle, the
permittivity of the suspending medium, εm, and the square of the root-mean-square
2

electric field gradient,  E rms . The fourth parameter is the real part of the Clausius-
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(4πa3)/3, where a is the radius of the particle. The electric field gradient for quadrupole
electrodes has described previously and is shown in Eq. 3.2 [11].
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In Eq. 3.2, R is the radial distance from the center of an individual electrode to the center
of the quadrupole region, Urms is the root mean square applied AC potential, and d is the
radius of the circle defining the working area at the center of the quadrupole electrodes.
Substituting Eq. 3.2 into Eq. 3.1 leaves only the real part of the Clausius-Mossotti factor
to be determined.
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(3.3)

The Clausius-Mossotti factor describes the relationship between the complex permittivity
of the particle, εp*, and the suspending medium, εm*. The complex permittivity is related
to permittivity by the Eq. ε* = ε - j(σ/ω), where ε is permittivity, σ is conductivity and j is
an imaginary number equal to √-1.

The real part of the Clausius-Mossotti factor

describes the dielectrophoretic force while the imaginary part of the Clausius-Mossotti
factor describes the electrorotational torque acting on the particle. Through substitution
and rearrangement, the real part of the Clausius-Mossotti factor can be expressed in terms
of the conductivities of the particle, σp, and suspending medium, σm, and the
permittivities of the particle, εp, and suspending medium as shown in Eqs. 3.4 and 3.5.
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where a =

ω(εp – εm), b = (σm – σp), c = ω(εp + 2εm), and d = (–2σm – σp), the real part of the
Clausius-Mossoti factor can be isolated as shown in Eq. 3.6.
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(3.6)

Finally, by substituting Eq. 3.6 into Eq. 3.3, the dielectrophoretic force for a spherical
particle interacting with quadrupole electrodes can be obtained (3.7).
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There are several things to note about the dielectrophoretic force. By increasing
the potential of the AC electric field, the force acting on the particles is increased.
However, increasing the working area between electrodes will rapidly decrease the force
acting on the particles. Also, the sign of the force is dependent on the real part of the
Clausius-Mossotti factor.

When the Clausius-Mossotti factor is positive, the

dielectrophoretic force is positive, and the particles undergo positive dielectrophoresis.
For the work presented here, positive dielectrophoresis corresponds to accumulation of
particles near the edges of the quadrupole electrodes. When the Clausius-Mossotti factor
is negative, the dielectrophoretic force is negative, and the particles undergo negative
dielectrophoresis. In the work presented here, negative dielectrophoresis corresponds to
accumulation in the center of the quadrupole array.
The sign of the Clausius-Mossotti factor is dependent on five parameters: the
conductivities and permittivities of the particle and suspending medium, and the
frequency of the applied AC field. The result is four possible outcomes which are shown
in Table 3.1.

The first possible outcome, if σp > σm and εp > εm, results in the

dielectrophoretic force always being positive, regardless of the AC field frequency.
Conversely, if σp < σm and εp < εm, the dielectrophoretic force will always be negative,
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regardless of the AC field frequency. In order to observe dielectrophoretic crossover,
either of the last possible outcomes must be observed. If σp > σm and εp < εm, then
crossover from positive to negative dielectrophoresis will occur as the AC field frequency
is increased beyond a threshold known as the crossover frequency, ω0. If σp < σm and εp >
εm, then crossover from negative to positive dielectrophoresis will occur as the AC field
frequency is increased beyond the crossover frequency.

Knowing the crossover

frequency for a given particle/suspending medium system is the key to achieving
successful dielectrophoretic manipulation of particles.
Because dielectrophoretic behavior is dependent on complex parameters, previous
reports have attempted to simplify the Clausius-Mossotti factor by describing it in terms
of two regimes [12-15].

In the dielectric regime, the Clausius-Mossotti factor is

dominated by the permittivities of the particle and suspending medium. The ClausiusMossotti factor is then simplified to (εp – εm)/(εp + 2εm) and the dielectrophoretic force
is given by Eq. 3.8.
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In the conductivity regime, the Clausius-Mossotti factor is dominated by the
conductivity of the particle and suspending medium and is simplified to (σp – σm)/(σp +
2σm).

The dielectrophoretic force in the conductivity regime is given by Eq. 3.9.
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In an AC electric field, the boundary between the two regimes is frequency dependent.
Examination of the product ωτ, where τ = (εp + 2εm)/(σp + 2σm), reveals that at high
frequencies (ωτ >> 1), the dielectric regime is observed, whereas at low frequencies (ωτ
<< 1), the conductivity regime is observed. Furthermore, when the sign of the ClausiusMossotti factor is different in the two regimes (e.g. when εp < εm and σp > σm), the
crossover frequency at which the particles transition from positive to negative
dielectrophoresis can be calculated using Eq. 3.10 [14, 15]. This equation can also be
obtained by setting Eq. 3.6 equal to zero and solving for ω.
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(3.10)

To control dielectrophoretic behavior as well as the crossover frequency
necessary to change observed behavior, one would need to select the permittivities and
conductivities of the particle and the suspending medium.

Unfortunately, the

permittivities of the particle and suspending medium are extremely difficult to select as
they are an intrinsic property of the materials themselves.

The permittivity of the

suspending medium can be modified to some degree by changing its ionic strength [16,
17] or by adding an organic modifier [18, 19]. However, because the relative permittivity
of water (78.6) [20] is far greater than polystyrene (2.5) [21] at 25 °C, any modification
of the suspending medium will provide minimum impact on the dielectrophoretic
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behavior of the particles. Therefore in order to control dielectrophoretic behavior in
response to the applied AC field frequency, the conductivity of the particle must be
greater than the conductivity of the suspending medium.

The key then becomes

measuring the conductivity of the particle and the medium.
Measuring the conductivity of the suspending medium is straightforward. For
simple electrolyte solutions, such as those used in this work, there are no sample cost or
volume limitations. Measurements are easily performed using conductivity probes which
interface with standard pH meters. Measuring the conductivity of the particles is more
problematic. Here sample volume limitations and the cost per measurement become
significant considerations. Additionally, specialized instrumentation is also required.
The two more common types of instruments for measuring the conductivity of particles
are the Coulter Counter ® [22, 23] and the zeta potential analyzer [24].

Both of these

instruments are designed solely for performing their specified measurements, require
sample volumes in excess of 50 µL per analysis, and instrumentation can require a
significant financial commitment.

Additionally, heterogeneity within the particle

population can also affect the measurement, as the test population may not be fully
representative of the entire sample population.
An attractive alternative for measuring the conductivity of particles is capillary
electrophoresis. This versatile technique combines rapid analyses with microliter sample
volumes (with nanoliter volumes consumed per analysis). Capillary electrophoresis is
compatible with different methods of analyte detection such as UV-visible absorbance,
photodiode array, laser-induced fluorescence, and contactless conductivity detection.
The application of capillary electrophoresis instrumentation is diverse and has been used
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to separate and characterize nanoliter and micrometer sized particles [25-27]. Capillary
electrophoresis is capable of profiling inhomogeneous populations and could potentially
be used to monitor mixtures of different types of particles. Measuring the conductivity of
particles by capillary electrophoresis makes use of the same principles as the zeta
potential analyzer and will be discussed in the next section.

3.2

Theory for Surface Conductivity Estimates by Capillary Electrophoresis
The process for determining surface conductivity by capillary electrophoresis is a

straightforward series of equations that starts with the migration time of the particle and
ends with the conductivity of the particle. Briefly, the migration time of the particle is
used to calculate the electrophoretic mobility of the particle.

The electrophoretic

mobility is used to calculate the zeta potential of the particle. Once the zeta potential is
known, the surface charge density is calculated. The conductance of the inner and diffuse
Stern layers is calculated in part from the surface charge density as well as the properties
of the capillary electrophoresis buffer. Finally, the particle conductivity is calculated
from Stern layer conductance, bulk conductivity of the particle core, and the particle
radius.
The relationship of electrophoretic mobility, µe, with zeta potential, ζ, and
suspending medium viscosity, η, is traditionally described by the Smoluchowski equation
(3.11) [28, 29]. This relationship is valid when the particle radius is much greater than
the double layer thickness of counterions in the suspending medium. When the particle
radius is approximately equal to the double layer thickness, the Hückel equation (3.12) is
used [28, 29]. The particle radius and double layer thickness often lie between the
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boundary conditions defined by the Smoluchowski and Hückel equations. Henry has
developed a mathematical function that scales the relationship between electrophoretic
mobility and zeta potential as a function of particle radius, a, and the reciprocal double
layer thickness, κ [28-30]. This unitless function ranges in value between 1 and 1.5. As
the function approaches 1, it mirrors the Smoluchowski equation.

As the function

approaches 1.5, it mirrors the Hückel equations. A convenient approximation of Henry’s
function is provided by Ohshima [28]. This approximation is shown in Eqs. 3.13A and
3.13B, and is used to calculate zeta potential from electrophoretic mobility, viscosity,
double layer thickness, and the particle radius provided by the manufacturer.

e 

m 


(3.11)

e 

2m 
3

(3.12)

e 

2  m 
f a 
3

(3.13A)




1
f κa   1 


2.5
 21 
 κa

 κa (1  2e )




3
 
 

 

(3.13B)

- 79 -

The electrophoretic mobility is measured using Eq. 3.14. The total capillary
length, Lt, the length to the detector, Ld, the migration time, tmigr, the neutral marker time,
t0, and the applied potential, V, are known. The viscosity of 100 mM MOPS pH 7.0 is
determined using the Hagen-Poiseuille equation (3.15) by measuring the pressure driven
transport time, t, to the detection window of a plug of 0.05 % N,N-dimethylformamide
diluted in MOPS. The equation is adjusted for the applied pressure, ΔP, ramp time, tramp.
The double layer thickness is derived from Eq. 3.16 where I is the total ionic strength of
the medium, q is the charge of an electron, kB is the Boltzmann constant, and T is the
ambient temperature.
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The surface charge density of particle, σe, is calculated from the zeta potential using Eq.
3.17 [25, 29].
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The conductance of the inner and diffuse Stern layers is determined using the calculated
surface charge density. The Stern layer is comprised of an inner layer, Ksi, that is in close
proximity to the particle surface and a diffuse layer, Ksd, which exists between the inner
layer and the bulk medium. The conductivities of the inner and diffuse Stern layer are
combined to give the total conductance of the Stern layer (Eq. 3.18). The conductance of
the inner and diffuse Stern layers is calculated using Eqs. 3.19 and 3.20 [29, 30].
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The diffusion coefficient, Dd, for the diffuse Stern layer, µd, can also be used for the
diffusion coefficient of the inner layer, µi, when the counterions are simple (e.g. K+, OH-).
Calculating the conductance of the diffuse Stern layer also requires Faraday's constant, F,
the electroosmotic flux of the counterions, mi, the charge of the counterion, z, and the
ideal gas constant, R. The electroosmotic flux of the counterions is calculated using Eq.
3.21 from parameters already discussed [29, 30].
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The total conductance of the particle can be determined from the conductance from the
Stern layer as well as the bulk conductivity of the particle core material, σp, bulk, and is
given by Eq. 3.22 [31, 32]. In terms of contributing to the overall conductivity of the
particle, the conductivity of the polystyrene core is assumed negligible (<< 1 x 10 -10 Sm1

) in accordance with literature reports [31, 33]. Therefore the surface conductivity of the

particle is assumed to be the total conductivity of the particle.
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From this final equation the process of converting the particle migration time to
surface conductivity is completed.

The capillary dimensions, solution viscosity,

temperature, applied voltage and pressure, and migration times are all measured
quantities. The remaining parameters are defined constants, obtained from literature
reports, or calculated using one of the equations listed above. The use of a spreadsheet
application such as Microsoft Excel ® makes performing these calculations trivial.
However, what is not trivial is prediction of the dielectrophoretic response of the particles
in a given suspending medium and at a given frequency. If the conductivity of the
particle is not known, dielectrophoresis experiments would have to be performed until
both positive and negative dielectrophoresis were observed. Then the bracketing range of
conductivity values for the suspending medium would have to be iteratively narrowed
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until a close approximation of the conductivity of the particle was obtained. Measuring
the conductivity of the particle using capillary electrophoresis speeds this process up
tremendously by providing a starting value around which to design dielectrophoresis
experiments.

3.3

Materials and Methods

Materials
The following consumable materials were used for capillary electrophoresis
experiments.

Electronics

grade

mercury

(99.9998%)

and

3-(N-morpholino)

propanesulfonic acid (MOPS) (#A12914) were obtained from Alfa Aesar (Ward Hill,
MA, USA). ACS grade potassium hydroxide (#P250-500) was obtained from Fisher
Scientific (Pittsburg, PA, USA). Sodium hydroxide (#S-5881) was obtained SigmaAldrich (St. Louis, MO, USA). Deionized water was obtained from an ELGA Purelab
Ultra (Lowell, MA, USA). The 1 M NaOH was prepared by dissolving 10 g (0.25 mol)
of sodium hydroxide into 250 mL of deionized water. The 1 M KOH was prepared by
dissolving 5.6 g (0.10 mol) of potassium hydroxide into 100 mL of deionized water. The
100 mM MOPS background electrolyte was prepared and adjusted to pH 7.0 with 1M
KOH. The 100 mM MOPS, 1 M KOH, and 1 M NaOH were filtered using a 0.45 µm
PTFE membrane Acrodisc® 25 mm syringe filter (#AP-4219T, Pall Life Sciences, Port
Washington, NY, USA) prior to use.
All polystyrene particles were obtained from Spherotech, Inc., (Lake Forest, IL,
USA). All yellow fluorescent particles had a reported excitation maximum at 470 nm
and a reported emission maximum at 490 nm. Unmodified yellow fluorescent particles
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(#FP-0552-2), streptavidin-modified yellow fluorescent particles (#SVFP-0552-5), and
carboxylate modified yellow fluorescent particles (#CFP-0552-2) had a particle diameter
reported by the manufacturer of 0.46 ± 0.012, 0.46 ± 0.011, µm and 0.46 ± 0.009 µm,
respectively[34-36].

Purple fluorescent particles (#FP-0562-2) had an excitation

maximum at 590 nm, an emission maximum of 620 nm, and a particle diameter of 0.39 ±
0.009 µm as reported by the manufacturer [37].

For capillary electrophoresis

experiments, the particles were diluted in MOPS pH 7.0 buffer.
Biotinylated oligo d(T)18 mRNA primer (#S1325) was obtained from New
England Biolabs (Ipswich, MA, USA).

The d(T)18 primer is an oligonucleotide

consisting of 18 thymidine bases which is linked to a molecule of biotin via a 23 atom
spacer connected to the 5' hydroxyl group of the ribose on the 5' thymidine. This results
in a total of 17 negative charges per biotinylated-DNA molecule. A total of 1.0 A260 units
(30 µg or 6.3 nmol) of the lyophilized biotinylated-DNA was reconstituted into 126 µL of
deionized water to create a 50 µM stock solution. The stock solution was then divided
into 10 µL aliquots and stored at -20 °C. Prior to use, an aliquot was allowed to warm to
room temperature and diluted as necessary with deionized water.
The following items were used in for the fabrication of the dielectrophoresis cells
and for dielectrophoresis experiments.

CMOS grade acetone (#9005-05), Summa-

Clean® SC-15M (#8006-08), and ACS grade nitric acid (70%, #9601) were obtained
from Mallinkrodt Baker (Phillipsburg, NJ, USA). Electronics grade methanol (#125233)
was obtained from KMG Electronic Chemicals (Houston, TX, USA). AZ-5214E image
reversal photoresist (#18613723157) and AZ-400K developer (#18443233163) were
obtained from AZ Electronic Materials (Branchburg, NJ, USA). Hexamethyldisilazane
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was obtained from the Transene Company (Danvers, MA, USA). HPLC grade methanol
(#MX0475-1) was obtained from EMD Chemicals (Gibbstown, NJ, USA). HPLC grade
acetone (#26831-0040) was obtained from Acros Organics USA (Morris Plains, NJ,
USA). Isopropyl alcohol (50%, #0395-1245) was obtained from the Humco Holding
Group Inc (Texarkana, TX, USA). Colloidal silver epoxy (#15703) was obtained from
Ted Pella Inc. (Redding, CA, USA). Thermal contact paste (#TP-832) was obtained from
MeiVac Inc. (San Jose, CA, USA).

Copper-backed 2 inch titanium (99.97% pure,

#EJTTIXX372A4) and gold (99.99% pure, #EJTAUXX402A4) sputtering targets were
obtained from the Kurt J. Lesker Company (Clairton, PA, USA). Glass microscope
slides (50 x 24 x 0.15 mm, #12-548-5M) were obtained from Fisher Scientific
(Pittsburgh, PA, USA). Double-sided non-conductive tape (0.20 mm thick) was obtained
from the 3M Company (St. Paul, MN, USA). Deionized water was provided by the
WVNano Shared User Facilities or by an ELGA Purelab Ultra.
The 100 mM MOPS was prepared and adjusted to pH 7.0 with 1 N KOH as
described previously. The conductivity was measured using an Accumet AR20
combination pH/conductivity meter (Fisher Scientific).

The conductivity meter was

equipped with a four cell conductivity probe with a nominal cell constant of 1 cm-1 (#13620-165, Fisher Scientific). Prior to measurements, the conductivity meter was calibrated
using a 1 x 10-2 Sm-1 Traceable® Conductivity Standard (#23226-589, VWR
International, West Chester, PA, USA). The conductivity of the 100 mM MOPS was
3.04 x 10-1 Sm-1. Dilutions of the 100 mM MOPS were prepared using deionized water
to establish a concentration versus conductivity calibration curve. The conductivity of
the deionized water was 1 x 10-4 to 2 x 10-4 Sm-1. For dielectrophoresis experiments,
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aliquots of the particles were diluted in MOPS pH 7.0 buffer to a final concentration of 2
to 10 ppm.

Capillary Electrophoresis Instrumentation
Capillary electrophoresis analyses were performed on a Beckman Coulter P/ACE
MDQ capillary electrophoresis system equipped with UV-visible absorbance or
photodiode array detection (Beckman Coulter, Fullerton, CA, USA). When using UVvisible absorbance detection, electropherograms were collected at 214 nm. When using
photodiode array detection, electropherograms were collected from 190 to 300 nm, and
specifically at 214, 254, and 288 nm. The instrument was controlled using either 32Karat
V5.0 or 32Karat V7.0 software from Beckman Coulter. The P/ACE MDQ was equipped
to accept 36 vials at each capillary outlet and an additional 48 vials at each capillary
outlet which were stored in a thermostat controlled chamber.
The instrument was fitted with either bare-fused silica capillary (#TSP050375,
Polymicro Technologies, Phoenix, AZ, USA), linear polyacrylamide modified capillary
(#04650-ZF, Microsolv Technology Corporation, Eatontown, NJ, USA), or polyvinyl
alcohol modified capillary (#477601, Beckman Coulter). The linear polyacrylamide and
polyvinyl alcohol modified capillaries had an inner diameter, of 50 µm, a total length, L t,
of 30.6 cm with a detection window 10.2 cm from one of the capillary inlets. This gave a
length to the detection window, Ld, of either 10.2 cm or 20.4 cm depending on which end
of the capillary the sample was introduced. The bare-fused silica capillary was also had a
50 µm inner diameter; however, the total length and length to the detector varied with
different experiments and noted when appropriate.
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Dielectrophoresis Instrumentation
The following instrumentation was used in the fabrication of the dielectrophoresis
cells and available at the WVNano Shared User Facilities. A WS-400-6NPP-Lite spincoater with a 50 mm chuck was obtained from the Laurell Technology Corporation
(North Wales, PA, USA). A Model 0130-040-03 UV flood exposure system equipped
with an OAI 150 timer box and a 2105C2 illumination controller was obtained from OAI
(San Jose, CA, USA). A Model 1000 light meter equipped with a 365 nm light probe
was obtained from Karl Suss America Inc. (Waterbury Center, VT, USA). A 610TM
magnetron sputtering station was obtained from CVC Products (Rochester, NY, USA). It
was equipped with a MDX magnetron drive (Advanced Energy, Ft. Collins, CO, USA), a
GIC-410 ion gauge (CVC Products), and a MKS Type 250 control panel (MKS
Instruments, McMurray, PA, USA).
Dielectrophoresis experiments were performed using an 8111A Pulse/Function
generator from Hewlett Packard (Palo Alto, CA, USA).

The output lead from the

function generator was connected to the bottom right electrode of the cell. The ground
lead from the function generator was connected to the upper right electrode of the cell. In
between experiments the output lead was disconnected from the cell to break the
electrical circuit. Imaging was performed using a Nikon TE300 inverted fluorescence
microscope equipped with an ORCA-R2 air-cooled CCD camera (Hamamatsu
Corporation, Bridgewater, NJ, USA). The microscope was equipped with 40 x or 60 x
magnification and filter sets compatible with yellow fluorescent (λexcitation = 465-495 nm,
λemission = 515-555 nm) or purple fluorescent (λexcitation = 525-555 nm, λemission = 605-655
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nm) particles. The dielectrophoresis cell was secured onto the microscope stage using
Scotch tape (3M Company). Raw data was collected using two separate programs. The
first program was HCImage V1.1.31 (Hamamatsu Corporation). For dielectrophoresis
experiments, the exposure time was set to 0.1 seconds, using 2 x 2 pixel binning, and 4
frame rolling average integration. This resulted in an effective data collection rate of 2.5
frames per second. Because HCImage can only export data in the form of 8-bit JPEG
images with limited resolution and does not provide video support, a second data
collection program was used. Additional data was collected using µ-Manager V1.3.43
(UCSF, San Francisco, CA, USA) as a camera control interface to ImageJ V 1.42 (NIH,
Bethesda, MD, USA). For the additional data, the exposure time was set to 0.1 seconds.
ImageJ was used to process raw data from both HCImage (via 8-bit JPEG files) and µManager (as 24-bit TIFF files) into AVI video files and to select individual images shown
in this work.

Fabrication of the Dielectrophoresis Electrodes
The quadrupole electrodes used for the dielectrophoresis experiments were
fabricated using image reversal photolithography followed by sputtered metal deposition.
Fabrication was performed entirely at the WVNano Shared Facilities located in the
Engineering Sciences Building at West Virginia University. Electrodes were fabricated
in batches of five or ten electrodes as available equipment allowed. The fabrication
process consists of two stages (photolithography and sputtering) that can be completed
during a single clean-room session or in separate sessions. For all of the electrodes used
in this work, sputtering was completed within 72 hours of photolithography. The first
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stage of the fabrication process, image reversal photolithography, was used to create a
negative pattern of the quadrupole electrode on the surface of a 50 x 24 mm glass slides.
The next stage of the fabrication process, sputtering, was used to deposit a titanium base
layer followed by a top layer of gold on the surface of the glass slide not covered with
photoresist. After fabrication, the electrodes were stored in a plastic storage case.
The chrome-on-glass contact photomask used to fabricate the electrodes was
obtained from Photoplot Store (Colorado Springs, CO, USA). The photomask was made
from soda lime glass, which possesses minimal absorption above 330 nm [38]. The
approximate dimensions of the photomask were 10.2 x 10.2 x 0.15 centimeters. The
chrome pattern was obtained from a contacted 1/50.80 mil (0.5 µm) precision laser
photoplot. The electrode design is shown in Figure 3.1. The individual electrodes were
separated by a 10 µm gap which provided a 100 µm2 area in the center of the quadrupole
region possessing a low field strength.

The electrode edges extend 1 mm in the

quadrupole region which creates a high field strength region between adjacent electrodes.
The process of image reversal photolithography started with cleaning the surface
of the glass slides as shown in Figure 3.2. Tweezers were used to handle the slides at all
times. Slides were placed in a Petri dish containing electronics grade methanol for 5
minutes followed by immersion in CMOS grade acetone for 5 minutes. The slides were
removed and dried using a stream of nitrogen gas. Next the slides were placed in an inert
plastic holder and immersed for 30 minutes in a beaker containing approximately 325 mL
of Summa-Clean SC-15M, which was heated to between 50 - 60 °C. Summa-Clean SC15M is a dilute aqueous solution of 2-hydroxy-N,N,N-trimethylethanaminium (choline)
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Quadrupole View

Top View

1 mm
2

1

2

1

1

2

1

2

10 µm gap

Figure 3.1 shows a schematic representation of the dielectrophoresis cell (left) and a
close-up of the quadrupole region (right). The electrical contacts between the output (1)
and ground (2) leads from the AC field generator are labeled for clarity. Reproduced
with permission from Figure 3, reference [1].
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which slowly etches the glass surface to remove particulates and residues [38-40]. The
slides were then immediately transferred to a beaker containing cool, deionized water for
2 minutes before being dried with a stream of nitrogen gas. The slides were
A negative outline of the quadrupole electrodes was created using an image
reversal photoresist. First, a cleaned slide was loaded onto a WS-400-6NPP-Lite spincoater. The slide was then coated with base layer of hexamethyldisilazane to increase
photoresist adhesion onto the surface of the slide [41].

Approximately 250 µL of

hexamethyldisilazane was added to the center of the slide using a glass Pasteur pipette
and spun at 300 RPM for 6 seconds before increasing to 4000 RPM for 40 seconds.
Next, approximately 2 mL of AZ-5214E image reversal photoresist was applied dropwise across the entire surface of the slide using a glass Pasteur pipette.

Excess

photoresist was removed by spinning at 500 RPM for 5 seconds before increasing to 5000
RPM for 50 seconds. The total thickness of the photoresist layer was 1.3 µm as specified
in the manufacturer's product data sheet [42]. If any air bubbles or particulates that were
observed on the coated slides resulted in those slides being discarded.
The coated slides were pre-baked to evaporate any remaining solvent in the
photoresist. Slides were baked individually by placing them in the center of a 95 °C hot
plate for 65 seconds. Exposure was performed using a Model 0130-040-03 UV flood
exposure system which was centered at the I-line (365 nm) of the high pressure mercury
vapor lamp. The photomask was manually aligned over the coated slide and held in place
by two 100 g weights placed on opposite corners of the mask. The exposure time was
determined by first measuring the light intensity (mWcm-2) through the photomask using
a Model 1000 light meter. The exposure time was then set so that total exposure energy
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1) Cleaned glass substrate

spin coat
AZ 5214E

2) Coated with photoresist

UV exposure
through mask

3) Patterned photoresist
development
with AZ-400K

4) Negative photoresist pattern

Ti / Au
deposition

5) Sputtered substrate

liftoff

6) Patterned quadrupole electrodes

Figure 3.2 provides a schematic representation for the photolithography/sputtered metal
deposition process used to fabricate the quadrupole electrodes.
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was 15 mJcm-2. Exposure to UV light causes the diazonapthoquinone in the photoresist
to form a ketene, which promotes dissolution of the novolac resin photoresist base. The
exposed slides then underwent a reversal bake at 125 °C for 65 seconds to activate the
crosslinking agent in the exposed portions of the photoresist, which stabilizes the resin
and makes it insoluble in the developer solution. A second exposure was performed
without the photomask for 99 seconds to cause the previously unexposed pattern to
become soluble in the developer solution.
The exposed slides were developed to remove the patterned photoresist, leaving a
negative image of the electrodes. The developer solution consisted of a 1:3.25 mixture of
AZ-400K developer to deionized water. AZ-400K is an alkaline solution of potassium
borates in water. The patterned photoresist is soluble in this solution whereas the crosslinked unpatterned photoresist remains insoluble.

A “sacrificial” slide was completely

immersed slide in the developer solution for 30 seconds then rinsed immediately with a
gentle stream of deionized water to stop development. The slide was dried with nitrogen
gas and patterned features were checked under 10x magnification using a optical
microscope. If the sacrificial slide was underdeveloped (photoresist present in the
patterned area), the development time was increased in 2 second intervals until the
features were fully developed. If the sacrificial slide was overdeveloped (photoresist
removed from the unpatterned area), the development time was decreased in 2 second
intervals until the features were fully developed. The development time ranged from 26
to 34 seconds for all slides. After development, the slides were baked at 120 °C for 12
minutes to remove any remaining moisture.

The slides were allowed to cool to room

temperature and stored in a covered Petri dish until sputtered metal deposition.
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Sputtered metal deposition was used to deposit the electrode metals onto the
exposed glass surface of the patterned slides. The electrodes consisted of a 10 nm base
layer of titanium and a 120 nm top layer of gold. The titanium layer serves to promote
adhesion of the gold to the glass substrate [43]. Slides were mounted onto 6 inch copper
backing plates using double-sided adhesive. The plates were then loaded onto the sample
carousel inside the sputtering chamber of a 610TM sputtering station with the slides
facing the sputtering target. A 2 inch copper-backed titanium target (99.97% pure) was
mounted onto the cathode using thermal contact paste. The sample chamber was then
pumped down to 0.7 mPa (5 µTorr) using a vacuum pump before argon gas was
introduced. The throttle valve micrometer was adjusted so that the argon pressure was
800 Pa (6 Torr) while still under vacuum. The sample carousel was rotated so that the
shielding plate was positioned over the titanium target and the MDX magnetron drive
was set to provide a continuous power output of 0.1 kWh. A 1 minute pre-sputtering
sequence was used to remove surface oxides on the target by colliding ions from the
argon plasma into the target surface. Next, the magnetron drive was set for a 1 minute
timed sputter which started when the shielding plate was rotated, thus exposing the slides
to the target. After the programmed time has elapsed the magnetron automatically shut
itself off, and the argon gas flow and vacuum pumps were manually turned off. The
sample chamber was vented and the slides checked for titanium deposition (visible as a
transparent grayish metallic layer).

The sputtering sequence was repeated using a

copper-backed gold target (99.99% pure). The magnetron drive was set for a 1 minute
pre-sputter and a 1.2 minute timed sputter. After the timed sputter, the slides were check
for gold deposition (uniform gold layer on the slides).
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The slides were removed from the copper sample plates using CMOS grade
acetone to dissolve the double-sided adhesive. Liftoff was achieved by placing the slides
in a large Petri dish containing CMOS grade acetone for 30 minutes. The slides were
removed from the Petri dish individually and a stream of CMOS grade acetone was used
to remove any remaining photoresist from the surface of the slide. Excess acetone was
removed from the slide using nitrogen gas. The patterned features were observed under
10x magnification using an optical microscope. If any defects were observed in the
quadrupole region (e.g. pitting, undeveloped photoresist, large holes), those slides were
discarded. Patterned slides were stored in a plastic carrying case with blank slides used
as spacers between patterned slides.

Assembly of the Dielectrophoresis Cells
The patterned slides were further modified to create functional dielectrophoresis
cells. First the slides were cleaned to remove any fingerprints or other residue from the
surface. Slides were immersed in a beaker containing HPLC grade methanol and for 5
minutes and then transferred to a beaker containing HPLC grade acetone for 5 minutes.
The slides were then allowed to air dry. Copper wire (0.394 mm in diameter) served as
electrical contacts between the dielectrophoresis cell and the AC field generator. Bulk
wire was cut into 6 cm strips and subjected to the same rinsing protocol as the slides.
One wire was attached to each contact pad using colloidal silver epoxy. The epoxy was
mixed using a vortex mixer for 1 minute and applied using the applicator provided by the
manufacturer. The epoxy was allowed to dry for a minimum of 2 hours and a maximum
of 24 hours at room temperature before a second coating of epoxy was applied. The
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second coat was also allowed to dry for 2 to 24 hours at room temperature.

Double-

sided non-conductive tape was cut into two 0.5 x 2.5 cm strips and placed on either side
of the quadrupole region.

Additional 0.5 x 0.8 cm strips of non-conductive tape were

placed over each contact pad. A clean 50 x 24 mm cover slide was then placed on top of
the patterned slide with a 2 mm offset. This created a flow cell, shown in Figure 3.1,
which was easily filled with a volume of approximately 12 µL.
In the event that the cell had to be disassembled, a protocol was developed to
remove the double-sided tape and the silver colloid without damaging the gold
electrodes. This protocol was employed when particles adsorbed onto the surface of the
glass slide within the quadrupole region or when the copper contact wires broke their
connection. The dielectrophoresis cell was placed in a beaker containing a mixture of
25% HPLC grade methanol, 25% isopropyl alcohol solution, and 50% HPLC grade
acetone, and allowed to sit overnight. A new razor blade was used to separate the cover
slide from the double-sided tape. The patterned slide was placed back into the beaker for
5 minutes to completely wet the tape. A pair of tweezers was used to slowly peel the
double-sided tape from the patterned slide, stopping to re-wet the tape as needed to
prevent the tape from stripping the patterned gold. After the tape was removed the slide
was rinsed with a stream of acetone to remove large portions of the colloidal silver
epoxy. The slide was then placed in 6 M nitric acid (diluted from 15.8 M, 70% nitric
acid using deionized water) for 3 minutes to dissolve any remaining silver from the
surface of the slide. The nitric acid treatment was stopped by transferring the slide to a
beaker containing deionized water.

The slide was allowed to air dry and then

reassembled as described previously.

- 96 -

3.4

Research and Discussion

Capillary Electrophoresis Experiments for the Analysis of Polystyrene Particles
In order to determine the conductivity of the functionalized polystyrene particles,
the particles were analyzed using capillary electrophoresis.

For all capillary

electrophoresis experiments the background electrolyte was 100 mM MOPS pH 7.0
buffer. MOPS is a widely used buffer for capillary electrophoresis. It is a structural
analog of 2-(N-morpholino)ethanesulfonic acid (MES), one of Good’s buffers [44].
MOPS possesses low absorbance at the wavelengths used in this work, and has a large
buffering capacity while producing a low current (26 µA at 10 kV).

Capillary

pretreatment differed for each type of capillary. For bare fused silica capillary, a morning
flush was performed at the start of each day and consisted of flushing the capillary with 1
M sodium hydroxide for 30 minutes at 137 kPa (20 psi), followed by deionized water for
5 minutes at 137 kPa (20 psi), and MOPS buffer for 10 minutes at 137 kPa (20 psi). In
between individual runs the capillary was flushed with 1 M sodium hydroxide, deionized
water, and MOPS buffer for 2 minutes each at 137 kPa (20 psi). For the polyacrylamide
and polyvinyl alcohol modified capillaries, the morning flush consisted of flushing the
capillary with deionized water for 10 minutes at 137 kPa (20 psi) followed by MOPS
buffer for 30 minutes at 137 kPa (20 psi). In between individual runs the modified
capillaries were flushed with MOPS buffer for 2 minutes at 137 kPa (20 psi). At the end
of each day the capillary was flushed with deionized water for 10 minutes at 137 kPa (20
psi). This final flush was the same for all three capillaries.
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The functionalized polystyrene particles were obtained from the manufacturer as
1.0% w/v suspensions (10 mg/mL), except for the streptavidin modified polystyrene
particles, which were supplied as a 0.1% (1 mg/mL) suspension.

For capillary

electrophoresis experiments, aliquots of the stock solution were diluted to between 0.1
mg/mL and 6 mg/mL using 100 mM MOPS pH 7.0 buffer. Samples were introduced to
the capillary using hydrodynamic injection for 4 seconds at either 3.4 kPa (0.5 psi) or 6.9
kPa (1.0 psi) for all capillary electrophoresis experiments. This corresponded to an
injected bead mass of 0.9 to 54 ng for injections performed at 3.4 kPa (0.5 psi) and 1.8 to
108 ng for injections performed at 6.9 kPa (1.0 psi). The total number of particles, N, per
injection can be calculated from the injected bead mass using the relationship N =
(6W/πρd3) x 1012 particles [45]. For this relationship, W is the mass of the particles in
grams, ρ is the density of the particle material (ρ = 1.05 g/cm3 for polystyrene), and d is
the diameter of the particles in micrometers. For the yellow fluorescent particles, the
number of particles injected at 3.4 kPa (0.5 psi) was between 1.7 x 104 to 1.0 x 106 for
samples diluted to 0.1 mg/mL and 6 mg/mL, respectively. For injections at 6.9 kPa (1.0
psi), the number of particles injected increases to between 3.4 x 104 to 2.0 x 106 particles
for samples diluted to 0.1 mg/mL and 6 mg/mL, respectively. For the purple fluorescent
particles, the number of particles injected at 3.4 kPa (0.5 psi) was between 2.8 x 104 to
1.7 x 106 for samples diluted to 0.1 mg/mL and 6 mg/mL, respectively. Doubling the
injection pressure also doubled the number of particles injected to between 5.5 x 104 to
3.3 x 106 for samples diluted to 0.1 mg/mL and 6 mg/mL, respectively.
The streptavidin modified yellow fluorescent polystyrene particles were analyzed
by capillary electrophoresis using bare fused silica capillary.
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The separations were

achieved using a 50 m inner diameter capillary. The capillary had total length of 30.6
cm and a length to the detector of 10.2 cm. A 10 kV electric field was used with for an
electric field gradient of 333 Vcm-1. Sample was injected at the anode (normal polarity)
with UV-visible absorbance or photodiode array detection at 214 nm. A representative
electropherogram is shown in Figure 3.3.
approximately 140 seconds.

The streptavidin particles migrate at

The peak marked with an asterisk is from the vendor

supplied suspension. Confirmation was achieved by taking a 25 µL aliquot of the stock
solution and passing it through a 10K molecular weight cutoff filter (#OD010C33, Pall
Life Sciences). The filtrate was then diluted with 100 mM MOPS pH 7.0 buffer and
analyzed under the same conditions as the particles. Separate runs also confirmed that
this peak migrates at the same time as a neutral marker (0.05% N,N-dimethylformamide
in 100 mM MOPS pH 7.0 buffer). Results are shown in Tables 3.2 and 3.3. Attempts to
analyze the other three particles on the bare fused silica capillary were unsuccessful
because those particles possessed an electrophoretic mobility greater than the
electroosmotic mobility and migrated away from the detector.
In order to analyze the purple fluorescent, carboxylate modified, and yellow
fluorescent particles by capillary electrophoresis, a polyacrylamide modified capillary
was used. This surface modification serves to suppress the electroosmotic flow and allow
for all four particles to be analyzed using the same conditions. The polyacrylamide
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Figure 3.3 shows the capillary electrophoresis separation of the streptavidin modified
particles. The separation is accomplished with a 50 m i.d. bare fused silica capillary, Ld
= 10.2 cm, Lt = 30.6 cm, at an electric field strength of 333 Vcm-1 with UV-visible
absorbance detection at 214 nm. The peak labeled with the asterisk is from the particle
suspension supplied by the vendor. This figure is reproduced from Figure S-1 of
reference [1].
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modified capillary had a 50 µm inner diameter and a total length of 30.6 cm. The
detection window was positioned 10.2 cm from one end of the capillary. The effective
separation length was 20.4 cm for the purple fluorescent, carboxylate modified, and
yellow fluorescent particles.

For the streptavidin modified particles the effective

separation length was 10.2 cm. Separations were achieved under reverse polarity (sample
introduced at the cathode) using a 10 kV applied potential for an electric field gradient of
333 Vcm-1. Detection was achieved using UV-visible absorbance detection at 214 nm. A
representative stacked electropherogram is shown in Figure 3.4. Under these conditions,
the purple fluorescent particles migrated first, indicating the greatest net negative charge.
They were followed by the carboxylate modified particles, the yellow fluorescent
particles, and the streptavidin modified particles. The peak for the streptavidin modified
particles was extremely broad.

This could be attributed to band broadening or

heterogeneity in the net charge of the particles.

Non-specific interactions with the

polyacrylamide surface may also contribute. However, the asymmetry factor (USP, 5%
height) for the streptavidin modified particle peak was 1.6, which is considered
acceptable and not strongly indicative of non-specific interactions [46]. The results
obtained with the polyacrylamide modified capillary are provided in Tables 3.2 and 3.3
and discussed in the proceeding section.
A second modified capillary was used to confirm the results obtained using the
polyacrylamide modified capillary. The second capillary was modified with polyvinyl
alcohol and also suppressed the electroosmotic flow. The polyvinyl alcohol modified
capillary had a 50 µm inner diameter and a total length of 30.6 cm. The detection
window was positioned 20.4 cm from the sample inlet. Separations were achieved under
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Figure 3.4 shows a representative electropherogram for the capillary electrophoresis
separation of (1) purple particles, (2) carboxylate-modified particles, (3) yellow particles,
and (4) streptavidin-modified particles. The separation is accomplished with a 50 m i.d.
linear polyacrylamide coated fused silica capillary, Lt = 30.6 cm, Ld = 20.4 cm for the top
three traces, Ld = 10.2 cm for the lower trace, at an electric field strength of 333 Vcm-1
with UV-visible absorbance detection at 214 nm. This figure is reproduced from Figure
2 of reference [1].
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reverse polarity (sample introduced at the cathode) using a 10 kV applied potential for an
electric field gradient of 333 Vcm-1.

Detection was achieved using UV-visible

absorbance detection at 214 nm. A representative stacked electropherogram is shown in
Figure 3.5. Under these conditions the purple fluorescent particles migrated the fastest,
followed by the yellow fluorescent particles, the carboxylate modified particles and the
streptavidin modified particles. The peak for the carboxylate modified particles was
indicative of non-specific interactions based on the shift in the migration order and
asymmetry factor (USP, 5% height) of 3.10 when compared to experiments performed
using the polyacrylamide modified capillary. The peak for the streptavidin modified
particles is shown in the inset.

The shift in migration time from 7 to 14 minutes

corresponds to doubling the effective separation length compared to the polyacrylamide
modified capillary. As with the bare fused silica capillary experiments, the peak marked
with the asterisk is from the vendor supplied suspension and confirmed by using a
molecular weight cutoff filter and analyzing the filtrate. The results obtained with the
polyvinyl alcohol modified capillary are provided in Tables 3.2 and 3.3 and discussed in
the proceeding section.

Calculation of Surface Conductivity and Theoretical Crossover Frequency
The process for calculating the surface conductivity of the polystyrene particles
starts with the migration time of each particle. Table 3.2 provides the average migration
time and standard deviation for n = 5 measures for each particle using both the
polyacrylamide modified and the polyvinyl alcohol modified capillaries. The coefficient
of variation did not exceed 1.4% for any of the particles on either capillary.
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Figure 3.5 shows the capillary electrophoresis separation of (1) purple particles, (2)
carboxylate modified particles, (3) yellow particles, and (4) streptavidin-coated particles.
The peak labeled with the asterisk is from the vendor supplied suspension. The inset
displays a different scale for the peak resulting from streptavidin-coated particles at 14
minutes. The separation conditions are identical to those in Figure 3.4, except that the
capillary is coated with polyvinyl alcohol. This figure is reproduced from Figure S-2 of
reference [1].
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migration time and standard deviation for the neutral marker, 0.05% N,Ndimethylformamide in 100 mM MOPS pH 7.0 buffer, are also provided. The coefficient
of variation for the neutral marker was 0.57% for the polyacrylamide modified capillary
and 0.38% for the polyvinyl alcohol modified capillary.

The small coefficients of

variation for the migration time measurements are critical for the precision of subsequent
calculations.
The migration time of the particles was then used to calculate the electrophoretic
mobility of the particles. The electrophoretic mobility of the particles was calculated
using Eq. 3.14. The electrophoretic mobilities ranged from -1.10 x 10-8 m2V-1 s-1 for the
streptavidin modified particles to -5.70 x 10-8 m2V-1s-1 for the purple fluorescent particles
using the polyacrylamide modified capillary.

For the polyvinyl alcohol modified

capillary the mobilities ranges from -1.11 x 10-8 m2V-1s-1 for the streptavidin modified
particles to -4.90 x 10-8 m2V-1s-1 for the purple fluorescent particles. For the purple
fluorescent, carboxylate modified, and yellow fluorescent particles, the mobilities were
higher for the polyacrylamide modified capillary than the polyvinyl alcohol modified
capillary.

This trend was reversed for the streptavidin modified particles.

The

carboxylate modified particles interacted with the polyvinyl alcohol capillary coating as
evidenced by the 23% decrease in electrophoretic mobility.

Increased hydrophilic

interactions between the polyvinyl alcohol coating and the particles may contribute to the
drop in electrophoretic mobility of the particles [47, 48]. However, the affects of the
capillary coating on the migration time of the particles was not investigated further.
The electroosmotic mobility was calculated using the migration time of the
neutral marker (0.05 % N,N-dimethylformamide in 100 mM MOPS pH 7.0 MOPS
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buffer). The electroosmotic mobility for the bare fused silica capillary was 3.41 x 10 -8
m2V-1s-1. The absolute values of the electrophoretic mobilities of the purple fluorescent,
carboxylate modified, and yellow fluorescent particles were larger than the
electroosmotic mobility. This prevented the analysis of the particles using the bare fused
silica capillary as the particles migrated opposite the electroosmotic flow.

The

streptavidin modified particles possess a small electrophoretic mobility and could be
analyzed using the bare fused silica capillary.

The electrophoretic mobility of the

streptavidin modified particles was determined to be -1.07 x 10-8 m2V-1s-1 using the bare
fused silica capillary. The slight decrease in mobility compared to the determinations
using the modified capillaries could be attributed to an increase in variability of the
electroosmotic flow and the increase in magnitude of the electroosmotic mobility. The
electroosmotic mobility was suppressed by an order of magnitude for the polyacrylamide
and polyvinyl alcohol modified capillaries. The suppressed electroosmotic mobilities
also allowed for the more rapid analysis of the more highly charged particles by using
reverse polarity for the electric field.
The zeta potential for each particle was calculated from the electrophoretic
mobility using Eqs. 3.13A and 3.13B.

The particle radius was supplied by the

manufacturer. The viscosity was 9.14 x 10-4 kgm-1s-1 as calculated previously. The
permittivity of the medium was approximated as 78.5ε0, which is representative of a
dilute aqueous solution at 25 °C [20, 22]. The reciprocal double layer was calculated as κ
= 4.58 x 108 m-1 using Eq. 3.16. The double layer calculation was based on an ionic
strength of 0.0195 M, for which potassium cation from KOH was the primary
component. The potassium concentration was estimated from the fraction of protons
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Supplemental
CE DATA, nTable
= 5 S-1. CE Data, n = 5
Migration time (seconds)

Mobility (·10-8 m2V-1s-1)

particle

neutral marker

µ apparent

µEOF

µeph

Purple Fluorescent
PA

124 ± 1

1760 ± 10

-5.34

0.360

-5.70

PVA

145 ± 2

1846 ± 7

-4.55

0.345

-4.90

PA

133 ± 1

1760 ± 10

-4.94

0.360

-5.30

PVA

175 ± 1

1846 ± 7

-3.74

0.345

-4.08

Carboxylated

Yellow Fluorescent
PA

158 ± 1

1760 ± 10

-4.13

0.360

-4.49

PVA

164 ± 1

1846 ± 7

-4.02

0.345

-4.36

Streptavidin-coated
PA

425 ± 5

1760 ± 10

-0.74

0.360

-1.10

PVA

839 ± 7

1846 ± 7

-0.76

0.345

-1.11

Bare

145 ± 1

102 ± 1

-2.34

3.41

-1.07

PA = polyacrylamide modified capillary
PVA = polyvinyl alcohol modified capillary

Table 3.2 shows the capillary electrophoresis mobility data for the particles using the
same conditions, but different capillaries. This table was adapted from table S-1 from
reference [1].
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from MOPS free acid that would need to be neutralized in order to reach pH 7.0 using
the Henderson-Hasselbalch equation.

Table 3.3 provides the calculated zeta potentials

for all four particles obtained from both modified capillaries. The zeta potentials ranged
from -14 mV for the streptavidin-modified particles to -77 mV for purple fluorescent
particles. Once again the values obtained using the polyacrylamide modified capillary
was higher than the values obtained from the polyvinyl alcohol modified capillary.
Using the zeta potentials obtained from capillary electrophoresis measurements,
the surface charge density and the surface conductivities were calculated. Because the
particles are negatively charged, potassium cation originating from the KOH used to
adjust the pH of the 100 mM MOPS buffer serves as the primary counterion.
Deprotonated MOPS was also present; however, the diffuse mobility for MOPS was a
fraction of the diffuse mobility of potassium cation [49]. Consequently, the literature
value for the diffuse mobility for potassium (7.619 x 10 -8 m2V-1 s-1) was used [50]. Based
on the literature value for the bulk conductivity of polystyrene the bulk conductivity of
the polystyrene particle core, σp,bulk, is negligible when compared to Stern layer
conductivity and therefore approximated as zero [31, 33].

The calculations are

summarized in Table 3.3. The surface charge densities ranged from -4.6 x 10-3 Cm-2 for
the streptavidin modified particles to -2.5 x 10-3 Cm-2 for the purple fluorescent particles.
As well all calculations using the particle radius, these values are limited to two
significant figures. The surface charge densities also further confirm that the particles are
negatively charged. The inner Stern layer conductance ranged from 3.5 x 10 -10 S to 19 x
10-10 S for the purple fluorescent particles. The diffuse Stern layer ranged from 3.9 x 10 12

S for the streptavidin modified particles to 1.3 x 10 -10 S for the purple fluorescent
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particles. It is observed that the inner and diffuse Stern layer conductances increase at
different rates. This is attributed to the affects of the conductivity of the suspending
medium [51, 52]. The contribution of the diffuse Stern layer also increases with the zeta
potential of the particle [52].

This serves to explain why the diffuse Stern layer

conductance represents 1.1% of the total conductance for the streptavidin modified
particles, but 6.4% of the purple fluorescent particles.
The surface conductivity of the particles was calculated using Eq. 3.22, where σp,
bulk

= 0.

Therefore the surface conductivity is equivalent to the particle conductivity.

The surface conductivity ranged from 3.1 x 10-3 Sm-1 for the streptavidin-modified
particles to 2.1 x 10-2 Sm-1 for the purple fluorescent particles. The conductivity values
determined using the polyacrylamide capillary were greater than those determined using
the polyvinyl alcohol modified capillary.

Additionally, the conductivity of the

streptavidin modified particles was consistent across three capillaries with different
surface environments. The surface conductivities summarized here serve as a guide to
estimate the conductivity of the suspending medium necessary to observe
dielectrophoresis crossover behavior. Because dielectrophoresis crossover can only be
achieved if the suspending medium is less conductive than the polystyrene particles, the
values estimated by capillary electrophoresis represent the upper limit for the
conductivity of the suspending medium.
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Supplemental Table S-2.
Particle conductivity calculated from electrophoretic mobility, n = 5

µeph

ζ

σe

Ks i

Ks d

σp

·10-8 m2 V-1s-1

·10-3 V

·10-2 Cm-2

·10-10 S

·10-10 S

·10-2 Sm-1

Purple Fluorescent
PA

- 5.70 ± 0.05

- 77

-2.5

19

1.3

2.1

PVA

-4.90 ± 0.07

-66

-2.1

16

0.93

1.8

Carboxylated
PA

- 5.30 ± 0.05

- 71

-2.3

17

1.1

1.6

PVA

-4.08 ± 0.01

-55

-1.8

13

0.61

1.2

Yellow Fluorescent
PA

- 4.49 ± 0.02

- 60

-1.9

15

0.76

1.4

PVA

-4.36 ± 0.03

-59

-1.9

14

0.71

1.3

Streptavidin-coated
PA

- 1.10 ± 0.01

- 15

-0.48

3.6

0.041

0.32

PVA

-1.11 ± 0.01

-15

-0.48

3.6

0.041

0.32

Bare

-1.07 ± 0.01

-14

-0.46

3.5

0.039

0.31

PA = polyacrylamide modified capillary
PVA = polyvinyl alcohol modified capillary

Table 3.3 shows the calculated values for the zeta potential, surface charge density, inner
and diffuse Stern layer conductance, and surface conductivity obtained from capillary
electrophoresis runs. Adapted from table S-2 from reference [1].

- 110 -

Simulation of the Clausius-Mossotti Factor and Importance of Significant Figures
The relationship between the applied field frequency and the permittivities and
conductivities of both the particle and medium is illustrated in Figure 3.6. In this figure,
the Clausius-Mossotti factor is simulated as a function of the applied field frequency for
four different conductivities for the suspending medium. For this simulation, the particle
surface conductivity is set at 1.6000 x 10-2 Sm-1 , as this value is representative of the
experimental dielectrophoresis observation for the carboxylate modified polystyrene
particles. The permittivity of the polystyrene particles is set at 2.6ε0 [21, 31]. The
dielectric constant of the suspending medium is set at 78.5ε0, which is representative of a
dilute aqueous solution at 25 °C [20]. For the frequencies examined, the conductivity
regime is a suitable model of the Clausius-Mossotti factor (ωτ << 1). However, the form
of the Clausius-Mossotti factor found in Eq. 3.6 is used for the simulation because it
allows for the calculation of the frequency dependence of the system for each
conductivity of the suspending medium.
Calculation of crossover frequency with Eq. 3.10 demonstrates that small
differences in the conductivity of the medium can greatly affect the observed crossover
frequency. When the conductivity of the suspending medium is greater than the particle
conductivity, only negative dielectrophoresis is observed as is the case for σm = 1.7600 x
10-2 Sm-1. As long as σm < σp, positive dielectrophoresis should still be observed if the
correct frequency is used. A crossover frequency of approximately 8.7 MHz is generated
if σp= 1.6000 x 10-2 Sm-1 and σm = 1.4400 x 10-2 Sm-1. To predict this, the conductivity
of both the particle and medium must be accurate to five significant figures. If the
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conductivity of the suspending medium is known to too few significant figures then
dielectrophoretic behavior cannot be predicted. In Figure 3.6, trace A is simulated with
σm = 1.5760 x 10 -2 Sm-1 while trace B is simulated with σ m = 1.6240 x 10 -2 Sm-1.
However, to two significant figures the conductivity of the suspending medium is σ m =
1.6 x 10-2 Sm-1 for both traces. Clearly the Clausius-Mossotti factor is different in the
two traces. Trace A shows that the particle experiences crossover at approximately 3.5
MHz while trace B shows that the particle experiences negative dielectrophoresis for all
frequencies. The conductivity must be known to an appropriate number of significant
figures (in this case 3) otherwise the dielectrophoresis predictions have reduced value.
This simulation demonstrates several considerations for dielectrophoresis
experiments. Differences in the conductivity of the suspending medium relative to the
conductivity of the particle can greatly impact the crossover frequency.

For this

simulation, a 9% change in the conductivity of the suspending medium shifts the
crossover frequency by 5.2 MHz, which is outside of the working range of the
instrumentation used in this report. Measuring the conductivity of the medium to an
appropriate number of significant figures is critical to observing the predicted
dielectrophoretic behavior. Error in measuring the conductivity of the medium (e.g. not
calibrating the conductivity meter, working at different temperatures, etc.) limits the
effectiveness of dielectrophoretic behavior and crossover frequency predictions. In this
report, estimating the conductivity of the particle is limited by the calculation of zeta
potential, which is limited by the particle size distribution. Uncertainty in the particle
radius limits the measurement of particle conductivity to two significant figures. Because
observed dielectrophoretic behavior will be used to estimate the conductivity of the
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Figure 3.6 simulates the Clausius-Mossotti factor as a function of applied field frequency.
For this simulation, σp = 1.6 x 10-2 Sm-1, εp = 2.6ε0, and εm = 78.5ε0. Trace (A) is
simulated for σm = 1.5760 x 10-2 Sm-1. Trace (B) is simulated for σm = 1.624 x 10-2 Sm1. To two significant figures, both traces are σ m = 1.6 x 10-2 Sm-1, but trace (A) shows
dielectrophoresis crossover, while trace (B) shows negative dielectrophoresis only.
Traces (C) and (D) show when σm is ± 10% σp.
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particle, knowing the conductivity of the suspending medium to a sufficient number of
significant figures, will allow for a more accurate estimation.

Dielectrophoresis Experiments with Polystyrene Particles
With the conductivity of the functionalized polystyrene particles estimated using
capillary electrophoresis, dielectrophoresis experiments were performed using the
fabricated gold quadrupole electrodes. The goal of these experiments was to observe the
behavior of the particles and attempt to determine the frequency at which the particles
experience a crossover in their dielectrophoretic response. Based on the permittivity of
the particles relative to the permittivity of the aqueous suspending medium, crossover
would mark a transition from positive to negative dielectrophoresis.

Particles

experiencing positive dielectrophoresis align themselves between two oppositely charged
electrodes (see Figure 3.1).

Particles experiencing negative dielectrophoresis align

themselves in the center of the four electrode array. Particles experiencing a frequency
dependent change in behavior will move from the electrode edges to the center of the
quadrupole region as they cross from positive to negative dielectrophoresis.
Immediately prior to dielectrophoresis experiments, samples were created by
diluting the particles with the suspending medium. Samples were prepared by diluting
the stock solution of beads with MOPS pH 7.0 buffer to a final concentration of 1 to 10
µg/mL and a total volume of 100 µL. Approximately 12 µL of sample was pipetted
under the cover slip of the dielectrophoresis cell for each experiment. This corresponds
to between 2.2 x 105 and 2.2 x 106 particles per experiment for the yellow fluorescent
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particles diluted to 2 and 10 µg/mL, respectively. For experiments using the purple
fluorescent particles, approximately 3.7 x 105 to 3.7 x 106 particles were used per
experiment for particles diluted to 2 and 10 µg/mL, respectively. While at first glance
this may seem like a large number of particles, the particles occupy less than 0.00096%
of the available 12 µL volume for each experiment (the average particle volume is 5.1 x
10-11 µL and 3.1 x 10 -11 µL for the yellow and purple particles, respectively). The
suspending medium for dielectrophoresis experiments consisted of 100 mM (3.04 x 10 -1
Sm-1) MOPS pH 7.0 buffer that had been diluted to the desired conductivity using
deionized water. The conductivity of 100 mM MOPS pH 7.0 buffer, relevant dilutions
and deionized water was measured using an AR20 combination pH/conductivity meter
that had been calibrated with a 1.01 x 10-2 Sm-1 reference standard. The resulting
conductivities were used to construct a calibration curve with an R2 value exceeding
0.999 for each buffer preparation.
The working frequency range for dielectrophoresis experiments was 100 kHz - 3
MHz. When the quadrupole electrodes were subject to frequencies less than 100 kHz, the
titanium base layer delaminated resulting in irreparable damage. As applied potential
was increased the frequency at which electrode damage occurred also increased slightly
to 200 kHz. Although the function generator used for dielectrophoresis experiments had
an upper frequency limit of 12 MHz, particle collection in the center of the quadrupole
electrode was difficult to assess above 3 MHz. For particles experiencing negative
dielectrophoresis, the diameter of the area in the center of the quadrupole electrodes
occupied by the particles contracted as the frequency increased. This is consistent with
observations found in other literature reports [53].

- 115 -

Therefore, the conductivity of the

suspending medium was carefully selected to observe crossover behavior within the
working frequency range.
The conductivity of the purple fluorescent particles was estimated by capillary
electrophoresis to be between 1.8 x 10-2 and 2.1 x 10-2 Sm-1. The conductivity of the
MOPS pH 7.0 suspending medium was adjusted to 1.8 x 10 -2 Sm-1 (6.65 mM). An
aliquot of the purple particles was diluted to 10 µg/mL and pipetted into the
dielectrophoresis cell. Dielectrophoresis experiments were performed using a 2 V, 5 V,
or 10 V peak-to-peak electric field depending on the dielectrophoresis cell used. Typical
dielectrophoresis behavior for the purple fluorescent particles is shown in Figure 3.7.
Positive dielectrophoresis was observed at 300 kHz, 400 kHz, and 500 kHz. Negative
dielectrophoresis was observed at 600 kHz, 700 kHz, 800 kHz, 1000 kHz, 2000 kHz,
2200 kHz, 2400 kHz, 2600 kHz, 2800 kHz, and 3000 kHz. From 2000 to 3000 kHz, the
amount of particles collecting within the negative dielectrophoresis region decreased as
frequency increased. A separate experiment was performed with a sample of purple
particles diluted to 50 ppm in 1.86 x 10 -2 Sm-1 MOPS pH 7.0 buffer. These particles
experienced negative dielectrophoresis at 300 kHz, 500 kHz, 1000 kHz, and 2000 kHz.
This behavior is expected when the particles are diluted in a suspending medium that has
a higher conductivity. Based on these results, the conductivity of the purple fluorescent
particles is approximately 1.8 x 10-2 Sm-1.
For

carboxylate

modified

yellow

fluorescent

particles,

capillary

electrophoresis experiments estimated that the conductivity of the particles was between
1.2 x 10-2 and 1.6 x 10-2 Sm-1. Because the particles displayed non-specific interactions
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400 kHz

1.0 MHz
Figure 3.7 shows the dielectrophoretic response of purple fluorescent polystyrene
particles in 6.65 mM (1.80 x 10-2 Sm-1) MOPS buffer. The dielectrophoretic response
shifts from positive to negative as the frequency is increased to 1.0 MHz. The field is 5
V peak-to peak. The dashed white lines show the electrode edges.
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300 kHz

1.0 MHz
Figure 3.8 shows the dielectrophoretic response of carboxylate modified polystyrene
particles in 4 mM (1.57 x 10 -2 Sm-1) MOPS buffer. The dielectrophoretic response shifts
from predominately positive to negative as the frequency is increased to 1.0 MHz. The
field is 5 V peak-to peak. The dashed white lines show the electrode edges.
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with the polyvinyl alcohol coated capillary, there is less confidence in the lower
conductivity estimate. Therefore dielectrophoresis experiments were designed to test the
dielectrophoretic response in suspending mediums with conductivities around 1.6 x 10-2
Sm-1. An aliquot of carboxylate modified particles was diluted to 10 µg/mL with 4 mM
(1.57 x 10-2 Sm-1) MOPS pH 7.0 buffer. The dielectrophoresis cell was filled sample and
experiments performed using a 2 V or 5 V peak-to-peak electric field. Figure 3.8 shows a
representative example of the dielectrophoretic behavior of the carboxylate modified
particles. The particles predominately experienced positive dielectrophoresis at 300 kHz,
400 kHz, 500 kHz, and 600 kHz. This switched to negative dielectrophoresis at 700 kHz,
800 kHz, 900 kHz, 1000 kHz, 1100 kHz, 1200 kHz, and 1500 kHz. Based on these
measurements, the conductivity of the carboxylate modified yellow fluorescent particles
is approximately 1.57 x 10 -2 Sm-1.
After several experiments with a single dielectrophoresis cell, particle adsorption
to the silica slide became noticeable. Adsorption was observed with all four types of
polystyrene particles. In general, this was more prevalent in the center of the four
electrode array and after the particles experienced several iterations of negative
dielectrophoresis. For example, in the image at 300 kHz in Figure 3.8, the majority of the
particles in the center of the quadrupole region are actually adsorbed to the surface of the
slide and not experiencing negative dielectrophoresis. When particle adsorption became
significant, the dielectrophoresis cells were dissembled and cleaned with nitric acid,
which removed the adsorbed particles. However, all attempts were made to finish a
dielectrophoresis experiment before cleaning the quadrupole electrodes.
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Continuing with dielectrophoresis experiments based on conductivity estimates
from capillary electrophoresis, the yellow fluorescent particles are predicted to have a
surface conductivity between 1.3 x 10-2 Sm-1 and 1.4 x 10-2 Sm-1. An aliquot of yellow
fluorescent particles was diluted to between 1 and 10 µg/mL with 3.3 mM (1.24 x 10-2
Sm-1) MOPS pH 7.0 buffer. Dielectrophoresis experiments were conducted using a 2 V
or 10 V peak-to-peak electric field. The particles experienced positive dielectrophoresis
at 300 kHz, 400 kHz, 500 kHz, and 600 kHz.

The particles experienced negative

dielectrophoresis at 600 kHz, 700 kHz, 800 kHz, 900 kHz, 1000 kHz, 1200 kHz, 1400
kHz, 1600 kHz and 2000 kHz. Representative behavior is shown in Figure 3.9. At 600
kHz, the particles displayed predominately positive dielectrophoresis though some
particles experienced negative dielectrophoresis. At 700 kHz, the particles experienced
only negative dielectrophoresis. The split dielectrophoretic behavior is indicative of
minute heterogeneity in either surface charge density or particle dimensions and have
been observed in other literature reports for polystyrene particles [22-24, 52]. However,
since crossover behavior is observed in 1.24 x 10-2 Sm-1 (3.3 mM) MOPS pH 7.0 buffer,
the conductivity of the particles must also possess approximately the same conductivity.
The streptavidin modified yellow fluorescent particles were the last ones to be
examined by dielectrophoresis.

From capillary electrophoresis experiments, the

conductivity of the particles is estimated to be approximately 3.2 x 10-3 Sm-1. An aliquot
of streptavidin modified particles was diluted to 1 µg/mL with 500 µM (3.3 x 10-3 Sm-1)
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0.4 MHz

1.0 MHz

Figure 3.9 shows the dielectrophoretic response of yellow fluorescent polystyrene
particles in 3.3 mM (1.2 x 10 -2 Sm-1) MOPS buffer. The dielectrophoretic response shifts
from positive to negative as the frequency is increased to 1.0 MHz. The field is 10 V
peak-to peak. The dashed white lines show the electrode edges.
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200 kHz

500 kHz

Figure 3.10 shows the dielectrophoretic response of streptavidin modified polystyrene
particles in 300 µM (0.21 x 10 -2 Sm-1) MOPS buffer. The mixed dielectrophoretic
response shifts to negative dielectrophoresis as the frequency is increased to 500 kHz.
The field is 10 V peak-to peak. The dashed white lines show the electrode edges.
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MOPS pH 7.0 buffer. Dielectrophoresis experiments were conducted using a 10 V peakto-peak electric field.

Under these conditions the particles experienced negative

dielectrophoresis at 300 kHz, 500 kHz, and 1000 kHz. From these brief experiments it
can be quickly concluded that the conductivity of the buffer is too high to observe
crossover behavior. A fresh aliquot of particles was suspended in 300 µM (2.1 x 10 -3 Sm1

) MOPS pH 7.0 buffer, also at a concentration of 1 µg/mL. The experiment was

repeated using a 10 V peak-to-peak electric field. The particles experienced positive
dielectrophoresis at 200 kHz. Between 225 kHz and 300 kHz the particles experienced
both positive and negative dielectrophoresis.
Figure 3.10.

Representative images can be seen in

At 500 kHz and 1000 kHz the particles experienced negative

dielectrophoresis only. Based on the results using 300 µM MOPS pH 7.0 buffer as the
suspending medium, it can be concluded that the conductivity of the particles must be
approximately 2.1 x 10-3 Sm-1.

Effect of Buffer Conductivity on Observed Dielectrophoretic Behavior
As previously discussed, the conductivity of the suspending medium affects the
observed dielectrophoretic behavior of the polystyrene particles. If the conductivity of
the medium is too high, particles only experience negative dielectrophoresis. If the
conductivity is too low, particles experience positive dielectrophoresis and will only
crossover to negative dielectrophoresis if the applied field frequency is large enough. A
simple experiment was designed to observe the effects of the conductivity of the buffer
on the dielectrophoretic behavior of polystyrene particles.
Two separate samples of yellow fluorescent particles were diluted to a final
concentration of 100 ppm using MOPS pH 7.0 buffer. The first sample (sample A) was
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diluted with 3.3 mM (1.24 x 10 -2 Sm-1) MOPS pH 7.0 buffer, which has already been
demonstrated to cause dielectrophoretic crossover behavior. The second sample (sample
B) was diluted with 100 mM (3.04 x 10 -1 Sm-1) MOPS pH 7.0 buffer, which also was
used as the background electrolyte for capillary electrophioresis experiments.

A

dielectrophoresis cell was assembled and filled with approximately 12 µL of sample A.
A 2 V peak-to-peak field was applied and the dielectrophoretic behavior observed from
0.3 to 1.6 MHz. As shown in Figures 3.11A and 3.11C, the particles displayed positive
dielectrophoresis at 300, 400, 500, and 600 kHz, and negative dielectrophoresis at 800,
900, 1000, 1100, 1200, 1400, and 1600 kHz.

This behavior was expected as the

conductivity of the suspending medium was selected to allow crossover behavior to be
observed. Next the dielectrophoresis cell was rinsed with 10 volumes (approximately
120 µL) of deionized water and dried using a gentle stream of nitrogen gas.

The

dielectrophoresis cell was then filled with approximately 12 µL of sample B and the
dielectrophoretic behavior observed using a 2 V peak-to-peak field. As shown in Figure
3.11B and 3.11D when the suspending medium was switched to 100 mM (3.04 x 10-1 Sm1

) MOPS, the particles experience negative dielectrophoresis at 300, 400, 600, 800, 1000,

1200, 1400, 1600 kHz.

This behavior is also expected as the conductivity of the

suspending medium is significantly greater than the conductivity of the particles.
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Several conclusions can be drawn from this straightforward experiment. First, the
predicted dielectrophoretic behavior in response to changing the conductivity of the
suspending medium can be observed using the available instrumentation. Second, if the
conductivity of the suspending medium is not carefully selected then crossover behavior
will not be observed regardless of the applied field frequency. Third, even though the
100 mM MOPS ph 7.0 buffer used for capillary electrophoresis experiments only results
in negative dielectrophoresis for the yellow fluorescent particles, the conductivity
estimated by capillary electrophoresis was successfully used to select an appropriate
conductivity for the suspending medium to observe crossover behavior.

This is

significant because the requirements for the background electrolyte in capillary
electrophoresis (e.g. buffering capacity, ionic strength, compatibility with methods of
detection) is different then the requirements for the suspending medium in
dielectrophoresis (e.g. conductivity).

However the concentration of the background

electrolyte can be changed in order to observe the desired dielectrophoretic behavior.

Dielectrophoresis Cell Variability
In order to test the variability in the performance of dielectrophoresis cells, the
following experiment was performed. Two dielectrophoresis cells were assembled using
patterned electrodes from the same fabrication batch. An aliquot of the carboxylatemodified particles were diluted to a final concentration of 100 ppm using 4 mM MOPS
(1.5 x 10-2 Sm-1).

The first cell was filled with particles and the dielectrophoretic

response was determined using a 2V peak-to-peak AC field from 300 to 1200 kHz with
100 kHz increments. Crossover from positive to negative dielectrophoresis was observed
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between 700 and 800 kHz. Next the dielectrophoretic response was determined using the
second dielectrophoresis cell. Crossover from positive to negative dielectrophoresis was
observed between 500 and 600 kHz. The 200 kHz shift in the crossover frequency range
could be attributed to several factors.

First, a change in the conductivity of the

suspending medium could result in a shift in the crossover frequency. Using Eq. 3.10, it
is estimated that an increase in the conductivity of the suspending medium of 1.1 x 10 -5
Sm-1 (0.07%) is sufficient to shift the crossover frequency by 200 kHz.

Other

contributing factors may also include slight variances in particle size and surface
uniformity as well as the dielectrophoretic force generated by individual quadrupole
electrode devices themselves.

Overall the slight shift in crossover frequency was

acceptable as crossover was still observed within the experimentally limited frequency
range (0.2 to 3.0 MHz). The lack of a reference standard (i.e. a carboxylate-modified
polystyrene particle sample with 100% uniform size and surface conductance) also
contributes to the viewpoint that a 200 kHz shift in crossover frequency is acceptable.

Comparison of Dielectrophoresis and Capillary Electrophoresis Derived Values for
Particle Conductivity
The dielectrophoretic response of the particles can be used to estimate the
conductivity of the particles.

The accuracy of this estimation is dependent on the

certainty in the permittivities of particle and suspending medium, the conductivity of the
suspending medium, and the frequency of the applied AC field. The lower the crossover
frequency, the closer the conductivity of the particle is to the conductivity of the
suspending medium. Equation 3.10 can be rearranged to form a quadratic with the
conductivity of the particle as the only unknown (Eq. 3.23).

- 127 -

 





  2p   p  m   2  p   m  p  2 m  2 m2
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Using this Eq., the measured conductivity of the suspending medium, and the observed
crossover frequencies, the conductivity of the particles can be estimated. Table 3.5
shows the conductivity of the particles, which were derived from dielectrophoresis
experiments. To the number of significant figures available for the conductivity of the
suspending medium, the conductivities of the particles are the same as the suspending
medium used in to observe crossover. Because the particles experience crossover from
positive to negative dielectrophoresis, one can conclude that the conductivity of the
particle is greater than the conductivity of the suspending medium.
It is estimated that the conductivity of the particles are between 0.030 to 0.65%
greater than the conductivity of the suspending medium. The percent difference in
conductivities is inversely proportional to the conductivity of the suspending medium.
The purple fluorescent particles are 5.3 x 10 -6 Sm-1 more conductive than the suspending
medium.

The carboxylate modified, yellow fluorescent, and streptavidin modified

particles are 7.3 x 10-6 Sm-1, 9.2 x 10-6 Sm-1, 1.4 x 10-5 Sm-1 more conductive than the
suspending medium used for dielectrophoresis experiments, respectively. While these
values are outside the significant figures for the conductivity of the suspending medium,
it does serve to illustrate the point of how close the estimates for the conductivity of the
particle can be if an appropriate crossover frequency is observed.
The conductivities of the particles that were estimated using capillary
electrophoresis are also listed in Table 3.4.

Here the estimates from both the

polyacrylamide modified and the polyvinyl alcohol modified capillaries are provided.
- 128 -

For the polyacrylamide modified capillary, the estimated conductivities of the particles
were uniformly higher than the conductivities derived from dielectrophoresis
experiments. Though, within the limits of significant figures, the conductivity of the
carboxylate modified particles determined by capillary electrophoresis matches that
determined by dielectrophoresis. For the polyvinyl alcohol modified capillary the results
were more varied. The conductivity of the purple fluorescent particles was equivalent to
the value determined by dielectrophoresis. The conductivity of the carboxylate modified
particles was lower than the value obtained by dielectrophoresis. It has already been
established that non-specific interactions between the particle and the polyvinyl alcohol
coating could result in conductivity value that was artificially low. This is supported by
the agreement between the conductivity estimated using the polyacrylamide modified
capillary and from dielectrophoresis experiments.

The conductivities of the yellow

fluorescent and streptavidin modified particles were higher than the values determined
from dielectrophoresis experimentation.
The purpose of using capillary electrophoresis to estimate the conductivity of the
modified polystyrene particles was to be able to more efficiently select an appropriate
conductivity for the suspending medium used in dielectrophoresis experiments. The
conductivity values determined by capillary electrophoresis are of the same order of
magnitude and within 3 x 10 -3 Sm-1 of the values determined by dielectrophoresis. This
demonstrates that capillary electrophoresis can be used as an alternative to zeta potential
analyzers to estimate the conductivity of particles. Several experimental considerations
must be addressed to successful implement capillary electrophoresis based conductivity
determinations. These include minimizing non-specific interactions with the capillary
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(MHz)
Observed
0.55
0.40 - 0.80
0.50 - 0.60
0.3

Surface

Purple Fluorescent

Carboxylated

Yellow Fluorescent

Streptavidin
0.21

1.24

1.57

1.80

-1

*

0.32

1.4

1.6

2.1

CE predicted

(x 10 Sm )

σp
-2

**

0.32

1.3

1.2

1.8

CE predicted

(x 10 Sm-1)

σp
-2

Table 3.4 shows the experimentally observed crossover frequencies and the particle conductivity values derived from
dielectrophoresis and capillary electrophoresis experiments. The results for both modified capillary electrophoresis
capillaries are provided for comparison. Adapted from table 1, reference [1].

0.21

1.24

1.57

1.80

-1

(x 10 Sm )
DEP derived

σp
-2

-2

-1

σm
(x 10 Sm )
Measured

* CE results using linear polyacrylamide modified capillary.
** CE results using polyvinyl alcohol modified capillary.

Crossover Frequency

Particle

surface or co-analytes and controlling the electroosmotic flow. For protein modified
particles, additional factors such as the pH, isoelectric point, ionic strength, and salinity
may also influence the conductivity values predicted by capillary electrophoresis [52,
54].

However, once these issues are addressed capillary electrophoresis can be

successfully used to estimate the conductivity of functionalized particles.

Dielectrophoresis Separation of 2 Different Types of Particles
The separation of two different types of particles using dielectrophoresis can be
achieved if each type of particle experiences different dielectrophoretic behavior in a
given suspending medium.

The conductivity of the suspending medium should be

selected so that it is in between the conductivities of the two particles.

The less

conductive particle would experience only negative dielectrophoresis while the more
conductive particle would experience positive dielectrophoresis at lower frequencies
before crossing over at higher frequencies.

The feasibility of performing a

dielectrophoresis based separation was investigated using a combined sample of purple
and yellow fluorescent polystyrene particles.

These particles were chosen for two

reasons. First, their different fluorescence profiles allowed for identification using the
optical filters installed on the Nikon TE300 microscope.

Second, the surface

conductivities of the two particles are sufficiently different to make selection of the
conductivity of the suspending medium a straightforward process.

The greater the

difference in conductivities between the two particles, the wider the range is for the
conductivities of the suspending medium in which the separation can be performed.
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A dielectrophoresis cell was created from a previously unused quadrupole
electrode slide. Equal amounts of particles were diluted with 6.5 mM MOPS (1.75 x 10 -2
Sm-1) pH 7.0 buffer, to a combined final concentration of 4 ppm. From the results
summarized in Table 3.4, it was expected that the yellow fluorescent polystyrene
particles would experience negative dielectrophoresis while the purple fluorescent
polystyrene particles were predicted to experience positive dielectrophoresis.

The

dielectrophoresis cell was filled with the particles and a 1 MHz, 2 V peak-to-peak field
was applied. During data collection, the optical filter was manually changed to observe
the dielectrophoretic response of each population of particles.

Figure 3.12 shows

microscope images of the dielectrophoresis separation under 40x magnification. When
the field is applied, purple fluorescent particles experience positive dielectrophoresis and
aligned along the edges of the electrodes, while the yellow particles experience negative
dielectrophoresis and align within the center of the quadrupole. Separate experiments
containing yellow fluorescent particles in 6.5 mM MOPS (1.75 x 10-2 Sm-1) pH 7.0 buffer
show that the particles experience negative dielectrophoresis for a 1 MHz 2 V peak-topeak field.
This experiment demonstrates that different particles can be separated using
dielectrophoresis if the conductivity of the suspending medium is appropriately selected.
The range over which the separation can occur is dependent on the difference in
conductivities between the particles. If the conductivity of the suspending medium is
close to the conductivity of one of the particles then both particles could possess the same
dielectrophoretic behavior. Application of the crossover frequency would then result in
the dielectrophoretic behavior changing for the particle whose conductivity is closest to
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purple

yellow

Figure 3.12 shows 40x microscope images of the dielectrophoretic separation of purple
fluorescent (left) and yellow fluorescent polystyrene particles (right). A 1 MHz, 2 V
peak-to-peak was employed and the suspending medium was 6.5 mM MOPS (1.75 x 10-2
Sm-1) pH 7.0 buffer. The dashed white lines are provided to show the electrode edges.
This figure is reproduced from Figure 5, reference [1].
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the conductivity of the suspending medium, resulting in the separation of the two types of
particles.

For the conductivity of the suspending medium used in this particular

experiment, both yellow and purple fluorescent particles would experience negative
dielectrophoresis at frequencies above 5.2 MHz, which is outside the practical
experimental range of the quadrupole electrodes. Therefore, the frequencies over which
this separation can be achieved are dependent on the conductivities of the particles and
the suspending medium.

3.5

Conclusions and Future Directions
The ability to use capillary electrophoresis to determine the surface characteristics

of particles necessary for subsequent manipulation by dielectrophoresis is demonstrated.
This is significant because capillary electrophoresis provides rapid analyses requiring
small sample volumes. Also, capillary electrophoresis instrumentation is more readily
accessible and versatile than dedicated zeta potential analyzers. Through a series of
calculations, the capillary electrophoresis migration time for functionalized polystyrene
particles is converted into the surface conductivity of the particles. This allows for the
selection of an appropriate conductivity of the suspending medium to observe crossover
behavior.

The conductivity values predicted by capillary electrophoresis are then

compared to those observed through dielectrophoresis experimentation and found to
agree within 17% for the particles analyzed. Ultimately the accuracy and precision of the
measurements are impacted by experimental conditions as well as the number of
significant figures available. However the fact remains that in order to predict and
control dielectrophoretic behavior of particles, both the permittivities and conductivities
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of the particle and suspending medium must be known, and capillary electrophoresis is a
useful tool for determining the conductivity of the particle.
An important area for applying capillary electrophoresis to conductivity
measurements is examining the changes in surface conductivity through alteration of the
particle surface. For example, streptavidin particles have a high affinity for biotinylated
compounds, and depending upon the nature of the captured compound, the surface
conductivity of the particle will change with increased streptavidin-biotin interaction.
Changes in surface conductivity resulting from additional particle conjugation provide a
means to spatially separate and then distinguish the conjugated particles with
dielectrophoresis.

If the particles were functionalized with molecular recognition

elements such as streptavidin, antibodies, aptamers, or lectins, then the change in
dielectrophoresis response upon the binding of a specific ligand would allow the
functionalized particles to serve in a dielectrophoresis based biosensor. The next section
details some preliminary experiments examining the impact of ligand binding on the
surface conductivity of streptavidin modified particles.

Particle Surface Conductivity Changes Due to Ligand Binding
The viability of a dielectrophoresis based biosensor hinges on the ability to
distinguish between bound and unbound particles based on differing dielectrophoretic
behavior at a given frequency and in a given suspending medium. These differences are
the direct result of changes in the surface conductivity of the particle. The most efficient
way to change the surface conductivity of a particle is to introduce highly charged ligands
to the particle surface. This will increase the surface charge of the particle without
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dramatically increasing the effective particle radius. One practical ligand to use is DNA
due to thorough characterization, potential for polymerization, and presence of a charge
at regular intervals. When DNA is polymerized, there is one negative charge per base
located in the phosphodiester backbone. Also, when in solution, the height of each base
in a segment of DNA is approximately 3.4 Å and the width of each base is 13 Å
[55]Therefore DNA can impart a uniform charge while occupying a small volume. There
are also multiple commercial sources which provide biotinylated DNA capable of
interacting with the streptavidin modified particles examined in this work.

The

streptavidin-biotin interaction is both strong and well characterized [56]. When bound to
streptavidin, the biotinylated DNA will stay in close proximity to the particle surface,
thereby contributing to the surface conductivity of the particle.
The impact of loading biotinylated DNA onto the surface of streptavidin modified
particles was analyzed by capillary electrophoresis. The streptavidin-coated particles had
a biotin-FITC binding capacity of 1.19 nmolmg -1 of particles as reported by the
manufacturer [36].

Using Avogadro’s number, the biotin-FITC binding capacity is

estimated as 7.17 x 1014 molecules of biotin per mg of particles. Using the relationship N
= (6W/πρd3) x 1012 particles and solving for W, there are approximately 1.87 x 1010
particles/mg of particles. Therefore the total biotin-FITC binding capacity is estimated to
be 3.83 x 104 biotins per particle. The biotinylated d(T) 18 DNA used for capillary
electrophoresis experiments contains 17 negative charges per molecule.

If the

streptavidin modified particles are fully saturated, then 6.52 x 105 negative charges will
be introduced in close proximity to the particle surface. This represents a total negative
charge of -1.04 x 10-13 C. If the particles are assumed to be spherical, the average surface
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area (A = 4πa2) for a streptavidin-coated particle is 6.65 x 10 -13 m2. Therefore the total
change in the surface charge density for the saturated binding of biotinylated DNA to the
streptavidin-coated particles is -1.57 x 10-1 Cm-2. Of course this approximation assumes
that the total charge from the DNA is distributed evenly across the surface. In reality it is
expected that the DNA will adopt a random orientation with respect to the particle
surface based on the degrees of freedom from the 23 atom linker used to connect the
DNA to the biotin and the degrees of freedom in the DNA itself. Therefore the number
of charges in close proximity to the surface would change if the DNA was in a parallel
versus a perpendicular orientation.
An incubation was set up in a 200 µL plastic vial by mixing 10 µL of 50 µM
biotinylated d(T) 18 DNA with 40 µL of 0.1% w/v (1 mg/mL) of streptavidin modified
particles for a total volume of 50 µL. The total number of particles was 7.5 x 108 with a
total binding capacity of 2.9 x 1013 biotins. The total number of biotinylated DNA
molecules available was 3.0 x 1014, representing a 10-fold excess of biotinylated DNA.
The incubation sample was then mixed thoroughly using a vortex mixer and placed into
the thermostated sample chamber of the P/ACE MDQ capillary electrophoresis
instrument at 4 °C for 8 hours. A reaction blank containing 24 µL of 1% w/v (10
mg/mL) of streptavidin modified particles and 6 µL of 100 mM MOPS pH 7.0 buffer was
treated in an identical manner. A second reaction blank containing 6 µL of 50 µM
biotinylated d(T) 18 DNA plus 24 µL of 100 mM MOPS pH 7.0 buffer was created and
treated in an identical manner as the reaction vial.
After the incubation period, the samples were analyzed by capillary
electrophoresis. The capillary electrophoresis instrument was fitted with a bare fused
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silica capillary that had a total length of 31.1 cm and a length to the detector of 10.3 cm.
The sample was introduced to the capillary by hydrodynamic injection at 3.5 kPa (0.5
psi) for 4 seconds.

Figure 3.13 shows a representative electropherogram showing

separation of both the reaction blank and the DNA incubation at 10 kV normal polarity
with 100 mM MOPS pH 7.0 buffer as the background electrolyte and UV-visible
absorbance detection at 254 nm. It should also be noted that the peak for the bound
particles is extremely broad, potentially representing polydispersity in ligand binding as
well as band broadening. Therefore the migration time and subsequent calculations were
based on the midpoint of the peak. The results of the incubation study are provided in
Table 3.5. The migration time for the streptavidin modified particles was 145 ± 1
seconds (n = 5 determinations). This shifted to 683 ± 19 seconds (n = 5 determinations)
for the particles incubated with DNA. The migration time of the DNA was 1099 ± 82
seconds (n = 5 determinations). The zeta potential of the particles shifted from -14 mV
for the particles by themselves to -37 mV for the particles incubated with DNA. The zeta
potential of the DNA was -40.2 mV. The conductivity of the particles by themselves was
3.1 x 10-3 Sm-1. This increased three-fold to 9.5 x 10-2 Sm-1 for the particles incubated
with DNA. The surface charge density, inner and diffuse Stern layer conductance, and
surface conductivity of the biotinylated DNA were not calculated.
From these brief experiments it is clear that loading the streptavidin modified
particle with biotinylated DNA can increase the surface conductivity of the particle. This
change in conductivity could then be exploited using dielectrophoresis by selecting a
suspending medium with conductivity between the conductivities of the unbound and
bound particles. With the dielectrophoresis cell described in this work, it is anticipated
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683 ± 19
1099 ± 82

Particles + DNA

Biotinylated DNA
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-3.13

-2.92
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-8
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-3

ζ
-2

---

-1.21

-0.44
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-2

σe

---

0.92
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-9
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---

0.17

0.022
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-9
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---

0.95
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Table 3.5 shows the results of the incubation study between the biotinylated DNA and the streptavidin modified particles.
The migration time shows the average value plus the standard deviation for n = 5 measurements. The remaining values
are the averages only. Note that the surface charge density, inner and diffuse Stern layer conductances, and surface
conductivity for biotinylated DNA were not calculated.

145 ± 1

Streptavidin particles

(s)

Migration Time

that the unbound particles would experience negative dielectrophoresis and collect in the
center of the quadrupole electrodes while the bound particles would experience positive
dielectrophoresis and collect along the edges of the quadrupole electrodes. Actually
implementing the dielectrophoretic separation of the streptavidin modified particles and
the biotinylated would be contingent on several factors. The first would be visually
distinguishing the bound and unbound particles with the available instrumentation. This
would need to be done by taking advantage of the relatively weak native fluorescence of
DNA near 450 nm [57] or by labeling the biotinylated DNA with an amenable
fluorophore with a higher quantum yield. The second would be addressing heterogeneity
in the streptavidin modified particles and polydispersity in the DNA binding. Addressing
these two things would increase the sensitivity and improve the accuracy of the
dielectrophoresis separation. Finally, excess ligand would need to be removed from the
sample solution to minimize the effects of dynamic binding equilibrium on the observed
dielectrophoretic behavior.

3.6
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